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ABSTRACT 


This  report  summarizes  the  preliminary  design  and  analysis  performed  by  Goodyear 
Aerospace  Corporation  on  the  Space  Maintenance  Hangar  expandable  structures  experiment  for 
MOL  under  Air  Force  Contract  Number  AF33(615)-2114  for  the  Air  Force  Aero  Propulsion 
Laboratory.  The  program  established  the  preliminary  design,  supported  by  preliminary 
analysis,  of  a  (Hoot  diameter  cylindrical  structure  with  an  expanded  length  of  25  feet  which 
attaches  to  the  aft  end  of  the  MOL  to  serve  as  a  pressurized  meteoroid  protective  enclosure 
for  astronauts  working  on  MOL  experiments.  The  expandable  hangar  construction  is  -  com¬ 
posite  wall  consisting  of  an  inner  triple-barrier  pressure  bladder  for  gas  retention,  a  web 
strap  structural  layer,  a  2-inch  thick  polyether  foam  meteoroid  barrier,  and  a  film- cloth 
laminate  outer  cover  with  a  thermal  coating. 

The  web  straps  carry  the  longitudinal  presure  loads  while  the  circumferential  pressure 
loads  are  distributed  from  the  web  straps  to  a  series  of  intermittently-spaced  wire  cable  cir¬ 
cumferential  hoops.  Flexible  clam  shell  doors  mounted  to  rigid  frames  at  the  aft  end  of  the 
hangar  can  be  opened  and  closed  by  a  reel  and  cable  system  to  provide  an  opening  for  large 
objects  to  pass  thru  when  the  hangar  is  unpressurized.  The  extended  length  of  the  hangar  is 
maintained  when  unpressurized  by  3  inflated  10  inch  diameter  full  length  deployment  tubes 
while  the  shape  is  maintained  by  the  foam  barrier.  Fabrication  of  the  hangar,  which  is  esti¬ 
mated  to  weigh  1459  pounds  including  the  packaging  canister,  is  entirely  feasible  and  within 
the  present  state  of  the  art. 
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SECTION  I 


INTRODUCTION 


A.  GENERAL 

The  exposure  of  spacecraft  to  space  environment  for  extended  periods  of  time  imposes 
numerous  problems  which  must  be  resolved.  Three  areas  of  major  concern,  with  reference 
to  the  extended  time  periods  in  space,  are  as  follows: 

(1)  The  dangers  to  personnel  or  subsystems  from  meteoroids. 

(2)  The  temperature  extremes. 

(3)  The  high  vacuum  encountered. 

The  study  report  presents  the  results  of  Goodyear  Aerospace  Corporation's  (GAC)  pro¬ 
gram  efforts  conducted  under  Contract  AF33(615)-2114  for  the  Air  Force  Aero  Propuision 
Laboratory  (AFAPL).  The  contract  effort  was  fundamentally  directed  toward  the  design  of  a 
space  maintenance  hangar  for  an  expandable  structures  experiment  for  a  Manned  Orbital 
Laboratory  (MOL).  The  secondary  effort  in  the  design  was  the  alleviation  of  thermal  shock  and 
vacuum  environment  for  personnel  involved  in  activities  in  the  hangar. 

The  program,  which  established  a  design  and  analysis  of  a  pressurized  enclosure  for 
ultimate  demonstration  of  the  concept  feasibility,  was  performed  in  two  phases: 

(1)  Establishing  concept  definitions. 

(2)  Proceeding  with  the  design  and  analyses. 

A  test  program,  paralleling  the  second  phase,  was  conducted  substantiating  the  structural 
material,  the  methods  of  fabrication,  and  the  composite  wall  design  for  meteoroid  protection. 

The  basic  object’ves  of  the  program  were  the  selection  of  materials,  development  oi 
fabrication  techniques  and  establishment  of  operational  procedures.  Material  selection  was 
directed  toward  materials  which  would  offer  specific  resistance  to  meteoroid  penetration  and 
yet  fabricate  into  a  simple,  erectable  enclosure.  Methods  of  fabrication  for  the  materials  also 
involved  procedures  lor  packaging,  deploying,  and  pressurizing  the  enclosure.  The  mode  of 
operation  was  based  on  the  possible  applications  of  the  hangar. 

The  final  effort  of  the  program  was  the  evolvement  of  development  plans  for  the  prepro¬ 
totype  fabrication  and  testing,  and  for  the  flight  hardware  fabrication  and  testing. 

B.  CONCEPT  CONSTRAINTS 

In  the  design  of  the  space  maintenance  hangar,  certain  constraints  and  requirements 
were  stipulated  by  AFAPL.  The  structure  was  to  be  a  flexible  enclosure  with  a  7-foot  mini¬ 
mum  inside  diameter  and  a  24-  foot  minimum  length.  The  working  pressure  was  to  be  a  5  psi 
differential  with  a  test  pressure  differential  of  10  psi.  The  total  leak  rate  was  not  to  exceed 
one-half  pound  of  oxygen  per  day  when  ti.e  hanga*  w*s  sut/jcted  to  the  working  pressure. 
Packaging  was  to  simulate  stowage  on  the  MOL  without  restriction  of  the  launching  operation. 
The  hangar  was  to  be  self  deploying  with  automatic  pressurization  and  door  operation. 

Provisions  had  to  be  made  on  the  hangar  for  meteoroid  pr^eciion  to  the  extent  that  the 
probability  of  zero  penetration  for  a  period  of  60  days  would  exceed  0,995. 

The  enclosure  exterior  surface  was  to  be  coated  to  provide  optimum  temperatures  inside 
the  enclosure  for  humidity  control,  prevention  of  spacecraft  systems  degradation,  and  for 
habitation.  The  coating  would  also  serve  as  a  protection  for  the  enclosure  components.  When 


making  the  coating  selection,  it  was  to  be  assumed  that  the  vehicle  would  be  in  a  circular 
earth  orbit  of  160  nmi  and  rotating  at  a  rate  of  6  degrees  per  second. 

The  design  would  include  a  proposed  method  for  pressure  testing  the  enclosure,  with 
attachments  to  a  static  test  structure  simulating  the  interface  to  the  MOL. 

To  establish  a  space  maintenance  hangar  with  a  more  definite  approach  and  one  directed 
toward  MOL  System  experiments  without  jeopardizing  the  program  objectives,  Goodyear 
Aerospace  stipulated  further  requirements  in  concept  definition: 

(1)  The  enclosure  would  be  adapted  to  existing  hardware  components,  where  possible, 
and  employ  a  minimum  amount  of  rework. 

(2)  Design  of  the  concept  would  permit  variable  length  enclosures  without  affecting 
structural  characteristics. 

(3)  The  concept  structure  would  be  limited  to  proven  fabricating  technology. 

The  program  is  also  constrained  by  the  space  environmental  conditons  present  in  a  160 
nautical  mile  earth  orbit. 

In  the  design,  the  following  conditions  were  assumed:  A  solar  flux  of  443  Btu/sq  ft/hr, 
and  a  maximum  earth  albedo  heat  flux  of  160  Btu  /  sq  ft/hr  was  used  in  the  thermal  analysis. 
For  the  micrometeoroid  protection  system,  the  flux  versus  mass  spectrum  information  was  in 
accordance  with  the  MSC  Engineering  Criteria  Bulletin  EC-1  dated  8  November  1963,  Because 
of  the  low  energy  levels,  6  x  10°  rad  for  a  60-day  period,  radiation  effects  were  not  considered. 
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SECTION  n 


SUMMARY 


A.  GENERAL 

The  basic  space  maintenance  hangar  was  designed  as  an  integrated  system  for  operation 
on  a  large  manned  orbiting  space  vehicle.  It  is  comprised  of  a  flexible  structure,  a  rigid 
structure,  clam  shell  doors,  and  components  to  accomplish  deployment  of  the  system.  The 
hangar  was  configured  to  comply  with  the  concept  constraints  listed  in  Section  I  ar.d  to  be 
compatible  with  the  MOL  for  orbiting  the  earth.  The  enclosure  is  packaged  within  the  peri¬ 
meter  of  the  MOL  transport  (launch)  vehicle.  Except  for  air  supply,  power  requirements, 
humidity  control  and  peak  thermal  conditions,  the  system  is  fundamentally  independent  of  the 
manned  spacecraft.  Because  of  the  bay-type  construction,  the  hangar  is  readily  adapted  to  a 
decrease  or  increase  in  length. 

B.  SYSTEM  DESCRIPTION 

Basically,  the  space  maintenance  hangar  is  an  accordion- shaped  cylinder  with  adorned 
end.  The  enclosure  has  an  overall  length  of  25  feet  and  a  diameter  of  9. 1  feet.  The  hangar 
is  attached  to  the  head  of  the  MOL  space  structure  near  the  periphery  of  the  cylinder.  As 
shown  in  Figure  1,  the  accordion  section  is  fabricated  from  flexible  material  a r;d  patterned  to 
fold  within  the  perimeter  of  an  existing  launch  vehicle. 

The  aft  portion  of  the  flexible  section  mates  with  a  rigid  cone  segment.  This  structure 
supports  the  door  frames,  the  end  closure,  and  the  sealing  system,  and  maintains  a  dimen¬ 
sional  relationship  betveen  these  related  components.  The  segmented  cone  is  integral  with 
an  adapter  section  structure.  The  cone  serves  the  dual  function  of  being  a  part  of  the  space 
hangar  in  addition  to  being  part  of  the  packaging  canister.  Doors  for  the  enclosure  consist  of 
two  contoured  frames  positioned  and  hinged  at  the  equator  of  the  cone.  Radiating  from  a 
spider  fitting  at  the  center  of  each  door  frame  is  a  network  of  cables  terminating  at  the  cone 
periphery. 

The  enclosure  system  is  operated  with  pneumatic  and  electrical  power.  Deployment  of 
the  structure  is  achieved  through  pressurization  of  the  inflatable  deployment  tubes.  Door 
closure  is  achieved  by  a  cable  system.  Electrically  oowered  reels,  with  cables,  open  the 
doors.  The  system  is  designed  to  function  automatically  in  sequence  fro.n  the  initial  deploy¬ 
ment  to  pressurization  of  the  enclosure. 

C.  METEOROID  AND  THERMAL  CAPABILITY 

Based  on  hypervelocity  particle  impact  tests,  a  flexible  polyether  foam  is  used  as  a 
micrometeoroid  barrier.  To  comply  with  the  60-day,  0.995  probability  requirement  the  foam 
blanket  is  2  inches  thick  with  an  0.01 5- inch  cloth  outer  cover. 

For  temperature  control  within  the  hangar,  thermal  coatings  are  applied  to  t  ie  cloth 
cover  and  cone  segment.  Under  normal  conditions  the  desired  temperatures  are  maintained 
by  the  insulating  properties  of  the  meteor  barrier  in  conjunction  with  the  thermal  control 
coating. 
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SECTION  m 


CONCEPT  DEFINITION 


A.  GENERAL 

The  concept  definition  portion  of  the  program  was  limited  arbitrarily  to  a  one-month 
study.  The  objective  of  this  phase  was  definition  of  the  space  maintenance  hangar  in  concep¬ 
tual  form.  Studies  in  each  subsystem  area  were  conducted  within  the  constraints  and  require¬ 
ments  stated  previously.  The  selection  of  a  single  concept  was  made  before  the  subsequent 
initiation  of  the  preliminary  design  and  analysis.  The  results  of  the  review  and  the  approach 
taken  is  summarized  in  the  following  subsections. 

B.  INTERFACE  DESIGN 

The  terminal  end  of  the  protective  closure  structure  (attachment  to  the  MOL)  incorpo¬ 
rates  an  aluminum  base  plate  fastened  to  the  head  of  the  MOL.  A  steel  tube  ring  and  an  angu¬ 
lar  ring  for  termination  of  the  flexible  structure  and  the  bladder  is  attached  and  sealed  to  the 
base  plate. 

C.  MATERIALS 

A  specific  composite- materials  approach,  the  subject  of  Goodyear  Aerospace  in-house 
development,  was  chosen  for  the  expandable  space  hangar  structure.  A  diagram  of  the  com¬ 
posite  arrangement  and  functions  is  shown  in  Figure  2.  The  cross  section  is  basically  four 
components,  each  serving  a  specific  purpose.  Each  component  emphasizes  an  essentially 
continuous  construction  for  maximum  structural  reliability.  The  characteristics  and  functions 
of  construction  are  given  below. 

1.  Pressure  Barrier 

A  triple- seal  gas-pressure  bladder  is  used  for  the  space  hangar  structure  design.  Based 
on  the  company's  in-house  development,  the  measured  permeability  of  the  three-barrier  com¬ 
posite  bladder  is  1.0  x  10"4  psf/day  using  oxygen  at  3  psia  as  the  test  gas.  A  hole  that  will 
permit  leakage  through  one  barrier  only  doubles  the  already  negligible  permeability  rate.  For 
the  wall  construction  employed,  the  measured  permeability  rate  indicates  a  gas  loss  for  the 
enclosure  of  about  50  cc/min  at  5  psia. 

2.  Structural  Wall 

As  indicated  in  Figure  2,  a  two- inch  Dacron  webbing  used  for  the  structural  wall  is  a 
continuous  strip  running  axially  to  the  hangar,  configured  to  carry  the  catenary  plus  the  for¬ 
ward  and  aft  loads.  Coils  of  wire  rings  placed  at  approximately  2-1/4  foot  intervals  take  the 
hoop  tension. 

3.  Micrometeoroid  Barrier 

The  selection  of  flexible  polyether  foam  as  a  micrometeoroid  barrier  is  based  on  hyper¬ 
velocity  particle  impact  tests  conducted  at  the  AFML  at  Wright- Patterson  AFB.  As  a  result  of 
these  tests  (0.005  gram  particles  at  27,000  fps).  it  is  concluded  that  a  2-inch  thick,  1.2-pcf 
foam  barrier  is  adequate  with  respect  to  penetration  resistance.  With  this  foam  barrier,  the 
protection  exceeds  a  0.995  probability  of  zero  penetration  for  a  60-day  period. 

4.  Outer  Cover  and  Thermal  Coating 

A  lightweight  outer  cover  compos  ,'d of  a  Nylon  cloth-Capran  film  laminate  (0.015-inch  thick' 
is  used  with  tne  inner  cover  to  encapsulate  the  foam  and  permit  the  exhausting  of  air  from  the 
foam  barrier  prior  to  packaging.  It  also  permits  inflation  to  provide  a  pneumatic  force  for 
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OUTER  COVER  FOR  STRUCTURE  ENCAPSULATION  AND 
BASE  FOR  THERMAL  COATING. 

COVER  MATERIAL:  NYLON  CLOTH  AND  CAPRAN 
FILM  LAMINATE 


MICROMETEOROID  BARRIER  OF 
FLEXIBLE  POLYETHER  FOAM. 
DENSITY=  1.2  PCF 


TRIPLE-SEAL  PRESSURE  BLADDER. 

INNER  oEAL  :  NYLON  CLOTH  AND  CAPRAN 
FILM  LAMINATE 

INTERMEDIATE  SEAL  :  CLOSED  CELL  VINYL 
FOAM  1/1 6 -INCH  THICK 
DENSITY  =  10  PCF 

OUTER  SEAL  :  NYLON  CLOTH  COATED  WITH 
POLYESTER  RESIN 


I - STRUCTURAL  WALL  :  2-INCH  DACRON  WEBBING 


-INNER  COVER  :  NYLON  CLOTH  AND  CAPRAN  FILM 


Figure  2.  Composite  Wall  Cross  Section 


expansion  of  the  foam  on  the  end  closure.  All  three  the:  mal  coatings  considered  satisfy  the 
requirements.  After  better  definition  of  the  orbital  characteristics,  one  of  the  three  coatings 
will  be  applied  to  the  outer  cover  surface  to  limit  maximum  surface  temperatures  and  maintain 
a  reasonable  internal  temperature. 

D,  PACKAGING  AND  DEPLOYMENT 

In  the  concept,  packaging  and  deployment  ar?  interrelated.  For  packaging  the  space 
maintenance  hangar  the  2-  inch  cylindrical  wall  is  accordion-folded  and  stowed  around  the 
periphery  of  the  cone  structure.  Due  to  the  concept  approach,  only  a  packaging  canister  cover 
and  a  cylindrical  adapter  section  are  needed  *o  complete  the  packaging  requirements.  The 
wall  structure  fold  locations  are  controlled  by  radial  rings  positioned  to  provide  a  consistent 
folding  pattern.  All  material  (while  in  the  proved  position)  falls  into  a  geometric  pattern  that 
facilitates  deployment  of  the  enclosure.  Deployment  of  the  garage  is  achieved  by  pressurizing 
the  inflatable  deployment  tubes. 

E.  END  CLOSURE 

Although  several  approaches  to  the  end  closure  design  were  reviewed,  the  mechanical 
clam  shell  concept,  based  on  an  isotensoid  structural  ?nape  with  zero  hoop  tension,  was  chosen. 
Structurally,  this  concept  is  predictable  and  reliable.  Functionally,  the  doors  are  simple  In 
construction  and  operation.  Seals  incorporated  at  the  separation  plane  are  those  proven  in 
other  applications.  The  clam  shell  doors  are  closed  and  opened  by  an  electric-powered  reel 
and  cable  system  which  appears  to  be  the  most  appropriate  method. 
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SECTION  IV 


SPACE  MAINTENANCE  GARAGE  STRUCTURE 


A.  GENERAL 

The  design  and  analysis  effort  covered  a  period  of  four  months.  The  objective  of  this 
period  was  to  establish  feasibility  of  the  selected  concept  approach  through  detail  design  of 
the  system,  supporting  analysis,  and  specimen  tests  associated  with  full-scale  hardware. 

The  design  effort  translated  the  concept  approach  into  a  preliminary  design  drawing  (Figure  1). 
The  preliminary  design  is  substantiated  by  supporting  analyses  which  are  described  in  the 
following  sections.  In  addition,  weight  estimates  of  the  final  system  design  and  a  typical  bay 
section  are  included. 

For  the  selected  concept,  the  space  maintenance  hangar  is  '  combination  flexible  and 
rigid  structure.  It  provides  an  habitable  hangar  for  personnel  and  a  protective  enclosure  for 
subsystems  in  a  space  environment.  The  total  weight  of  the  hangar  is  1459  pounds  with  a 
usable  volume  of  900  ft^.  The  enclosure  is  a  25-foot  long  accordion-pleated  cylinder  having  a 
maximum  diameter  of  9. 1  feet.  The  internal  dimensions  of  the  shelter  measure  24.  8  feet 
long  with  a  minimum  of  7.  4  feet  in  diameter. 

B.  FLEXIBLE  STRUCTURE 

The  flexible  structure  consists  of  a  wall,  hoop  rings  and  an  end  closure.  The  cylindri¬ 
cal  portion  of  the  hangar  utilizes  a  Dacron  webbing  structure  composed  of  244  longitudinal 
straps,  unsupported  in  the  circumferential  direction.  At  approximately  2-1/4  foot  spacing, 
a  series  of  four  large  and  four  small  hoop  rings,  in  addition  to  the  terminating  rings,  laced  to 
the  webbing  complete  the  basic  structure.  The  hoop  rings  of  two  different  diameters,  alter¬ 
nated,  give  the  configuration  its  accordion  shape  in  the  unloadeo  «.„..'!ition.  Under  load, 
however,  considering  no  stretch  in  the  webbing,  the  straps  take  a  catenary  deflection  which 
remains  constant  for  the  specified  inner  ring  diameter  and  bay  spacing.  Because  of  this  re¬ 
lationship.  the  maximum  diameter  of  the  flex. ole  cylinder  is  dictated  in  the  configuration. 

Primary  structural  ioads  are  carried  axially  by  the  webbing  looped  fore  and  aft  on  the 
terminating  rings.  Radially  the  loads  are  taken  by  the  hoop  rings  spaced  along  the  structure. 
Pressure  loads  are  transmitted  to  the  load  carrying  memliers  by  the  gas-tight  pressure 
bladder. 

The  basic  structure  measures  approximately  20.  5  ieet  long  and  9.  1  feet  in  diameter. 

The  end  closure  adds  4.  3  feet  to  the  overall  length  of  the  complete  structure. 

1.  Wall  Construction 

A  major  factor  in  determining  the  basic  wall  structural  approach  are  the  constraints 
Imposed  by  the  packaging  and  deployment  of  the  hangar.  In  complying  with  these  limitations, 
a  flexible,  packageable  structure  evolved  employing  a  composite  wall  construction.  The  wall 
material  for  the  cylindrical  structure,  is  shown  in  Figure  2.  is  divided  into  four  individual 
layers  and  described  in  the  follow  ing  paragraphs. 

a.  Pressure  Bladder.  The  pressure  bladder,  Imnded  to  Ihe  inner  surface  of  the  structural 
layer,  serves  as  a  gas  barrier  for  pressure  tightness.  Its  structural  capability  also  permits 
bridging  across  a  gap  in  case  of  the  strap  failure.  The  bladder,  as  shown  in  Figure  3,  is  a 
three-lay^r  lamination  of  flexible  sealant  materials.  The  outer  layer  is  i  close-woven  nylon 
cloth  coated  with  polyester  resin.  The  sandwiched  layer  is  a  1  16- inch  thickness  of  Vinyl 
foam  and  the  inner  layer  is  nylon  film-cloth  laminate.  To  facilitate  construction,  the  pressure 
bladder  is  laid  up  on  a  120  degree  segment  hangar  mandrel.  The  inner  laminate  of  cloth  and 
film  is  applied  first,  followed  by  the  layup  of  the  foam-nylon  cloth  sub-assembly.  Both 
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NOTES 


(1)  Construction  -  3-Layer  Laminate: 


Inner  Nylon  Laminate 

0.015  lb/ft2 

Polvester  Adhesive 

0.027  lb/ft2 

Closed-Cell  Vinyl  Foam 

0. 042  lb/ft2 

Polyester  Adhesive 

0.027  lb/ft2 

Oiter  Nylon  Cover 

0.015  lb/ft2 

0. 126  lb/ft2 

(2)  Permeability 

1.0  *  10‘*  lb/ft2  -  Day  at  5  psla 
(Hangar  Permeability  =  0.06  Ib/day) 

(3)  Toxicity 

No  Toxic  Contaminants  Detected 

(4)  Vacuum  Test  (10*®  mm  Hg) 

CX(-Gassing  6.  25  Percent  Weight  Loss 

Stabilized  (Approximate)  96  Hrs 


Figure  3.  Pressure  Bladder 


laminates  are  made  with  longitudinal  panels  equally  spaced  around  the  circumference  of  the 
mandrel  arc.  8eams  for  the  individual  layers  have  *  1 -inch  lap  joint.  The  splice  pattern  for 
both  subassembly  laminates  is  staggered  to  prevent  fabric  build- up  in  local  areas.  The  man¬ 
drel  segment  is  rot  at*  d,  as  work  progresses,  to  complete  the  circumferential  lay-up. 

b.  Structural  Wall.  Upon  completion  of  fabrication  for  the  pressure  bladder,  the  strap 
structure  is  incorporated.  At  a  predetermined  spacing,  terminating  rings  for  the  webbing  are 
positioned.  Under  nominal  tension,  to  maintain  a  uniform  strap  length,  a  continuous  strip  of 
webbing  is  routed  between  the  two  rings,  looping  around  the  ring  tubes  to  form  a  complete 
cycle.  The  122  loops  required  to  provide  the  structure  are  equally- spaced  around  the  circum¬ 
ference  of  the  rings.  For  added  safety,  in  case  of  a  strap  failure,  all  loops  are  sewed,  adja¬ 
cent  to  the  termination  rings,  with  a  sewing  pattern  capable  of  carrying  the  web  break  strength. 
This  also  eliminates  the  possibility  of  a  cascading  failure  effect. 

The  following  is  a  description  of  the  Dacron  webbing: 

(1)  Webbing  Size  2. 00  x  0.01 14  inch 

(2)  Ultimate  Tensile  Load  675  lb 

(3)  Design  Ultimate  Load  665  lb 

(4)  Safety  Factor  5 

(5)  Design  Pressure  5  psi 

c.  Mtcrometeoroid  Barrier.  The  foam  barrier  is  provided  to  protect  personnel,  the 
structure,  and  interior  components  from  micrometeoroids  and  thermal  extremes.  The  barrier 
is  a  2- inch  thick  flexible  foam  bonded  to  an  inner  cover.  The  polyether  open- cell  flexible  foam 
barrier  has  a  density  of  1. 2  pcf  and  weighs  0.  20  lb,  ft  .  TK  '  selection  of  flexible  polyether 
foam  as  a  micrometeoroid  barrier  Is  based  on  hypervelocity  particle  impact  tests  conducted  at 
the  AFML  at  Wright- Patterson  AFB.  As  a  result  of  these  tests  (0.005- gram  particles  at 
27,000  ft/sec),  it  was  concluded  that  foam  of  1.  2-pcf  density  is  equivalent  to  single  sheet  alu¬ 
minum  of  15  times  the  mass  per  unit  area.  Thus,  a  2- inch  thickness  of  1. 2  pcf  foam  is  con¬ 
sidered  equivalent  to  an  aluminum  sheet  0.  53-crn  thick  (1. 44  gm/cm^l  with  respect  to  pene¬ 
tration  resistance.  Based  on  analysis,  the  probability  of  zero  penetration  for  a  60-day  period 
r, ill  exceed  0.995.  The  slabs  of  polyether  foam  are  patterned  and  applied  much  the  same  as 
the  vinyl  foam  for  the  bladder.  In  the  cylindrical  section,  panels  made  of  longitudinal  straps 
are  eoually  spaced  around  the  circumference  of  the  structure.  The  domed  ends  are  tailored 

to  match  the  contour.  Panels  are  butt- spliced  and  bonded  together  at  the  edges  to  form  a 
micrometeoroid  barrier,  an  insulating  shell  and  a  protective  spacer  to  alleviate  excessive 
bends  in  the  structural  webbing  during  the  packaged  phase.  The  vacuum  test  (4.  8  x  10"®  mm 
Hgl  on  the  barrier  materia!  produced  the  following  results: 

(1)  Off-gassing.  0.4  percent  weight  loss 

(2)  Stabilized  in  approximately  1.5  hr. 

d.  Cover.  The  inner  and  outer  cover  serve  as  a  pressure  barrier  for  the  foam  mat.  The 
covers  are  bonded  to  the  mat  providing  a  pressure  vesse1  of  uniform  thickness.  The  material 
and  installation  duplicate  that  of  the  inner  laminate  on  the  pressure  bladder.  Panels  are  also 
patterned  ir.  the  same  manner,  providing  for  a  or.e-inch  lap  splice.  The  basic  difference  be¬ 
tween  the  inner  laminate  of  the  bladder  and  foam  cover  is  She  surface  coaling  for  temperature 
control  on  the  .  uter  cover.  Although  the  cover  serves  primarily  as  a  thermal  barrier,  it  also 
functions  as  a  protective  surface  for  the  foam  and  a  pressure  vessel  for  expanding  the  foam 
on  the  end  closure.  In  addition,  for  possible  packaging,  the  sealant  laminate  permits  evacua¬ 
tion  of  the  meteoroid  barrier  thereby  reducing  the  total  wall  thickness  from  approximately  a 
2-14  to  a  3  4-lnefc  thickness.  The  vacuum  test  (4  x  !0*®  mm  Hgl  on  the  covers  produced  the 
following  results: 


(1)  Off-gassing,  0.36  percent  weight  loss 

(2)  Stabilized  In  approximately  1. 5  hr. 

2.  Hoop  Rings 

Four  large  and  four  small  diameter  rings  in  addition  to  the  terminating  rings  carry  the 
axial  loads  imposed  on  the  cylindrical  structure  by  internal  pressure.  The  ring  sizes  are  al¬ 
ternated  and  positioned  along  the  cylinder  at  Intervals  of  25  and  28  inches;  the  typical  unit  bay 
section  totaling  53  inches.  In  addition  tc  carrying  structural  loads,  the  rings  serve  as  spacers 
for  the  cylindrical  strq>8  and  control  for  the  folding  pattern.  By  lacing  the  axial  straps  to  the 
rings,  the  circumferential  position  is  maintained  (hiring  the  stowed  or  packaged  condition.  The 
small  diameter  rings  control  the  inner  folds  and  the  large  rings  determine  the  outside  fold 
positions  during  packaging  of  the  hangar. 

As  shown  in  Figure  1,  the  ring  construction  is  made  from  coils  of  high-strength  steel 
wire.  The  small  rings  with  the  larger  loading  conditions  have  30  elements  or  colls  and  the 
larger  ring  contains  5  coils.  The  coils  are  bonded  into  a  circular  cross-section  and  are  con¬ 
strained  with  a  wrapping  of  plastic-type  tape.  At  installation,  the  rings  are  secured  to  the 
straps  with  linen  cord  applying  the  principles  employe-?  in  lacing  aircraft  fabric  to  rib  struc¬ 
ture. 


The  following  is  a  material  description  of  the  steel  v  ire: 


(1)  Wire  diameter  0.080  inch 

(2)  Ultimate  Tensile  Load  1382  lb 

(3)  Design  Ultimate  Load  1382  lb 

(4;  Safety  Factor  3 

(5)  Design  Pressure  5  psi 

3.  End  Closure 


The  dome-shaped  end  serves  as  the  closure  for  the  structure.  The  end  is  configured  to 
a  contour  whir.i  provides  zero  hoop  tension  to  simplify  sealing  along  the  closure  frame  and 
attendant  structural  problems.  The  geometry  shown  in  Figure  4  (see  Reference  1)  is  the 
contour  approached  by  parachutes  as  the  number  of  canopy  lines  are  increased.  The  curve  is 
rather  flat,  with  the  distance  to  the  apex  about  0.6  of  the  cylindrical  radius. 

The  Internal  pressure  in  the  enti  ck  sure  is  carried  by  480  equally- loaded  meridian 
cables  that  terminate  at  the  apex.  Consequently  a  large  force  extsts  at  the  apex  and  causes  a 
radial  component  to  occur  in  the  cable.  This  force  is  the  product  of  the  pressure  and  the  area. 

The  meridian  or  radial  cables  are  spaced  at  approximately  0.7- Inch  at  the  periphery  of 
the  rigid  structure  and  converge  at  a  5-1  2-inch  radius  near  the  apex.  Two  clamshell  frames 
hinged  at  the  equator  and  located  in  the  horizontal  plane  serve  as  the  termination  separation 
point  for  the  pressure  bladder.  The  frames  control  the  domed  end  closure  opening  and  pro¬ 
vide  support  for  the  apex  fitting  and  door  pressure  seal. 

Except  for  the  structural  wall,  the  domed  end  »all  construction  duplicates  that  of  the 
cylinder.  Lay-up  of  the  bladder  is  made  on  a  segment  of  mandrel  configured  to  the  Taylor 
curve.  The  micrometeoroid  barrier  and  covers  are  patterned  to  the  appropriate  contour. 

The  wall  structure  differs  from  the  cylinder  in  the  following  manner.  At  a  predetermined 
distance,  the  terminating  ring  is  positioned  relative  to  the  apex  fitting.  Under  a  nominal  ten¬ 
sion  steel  cables  arc  threaded  through  the  ring  and  looped  at  the  apex.  The  240  loops  In  the 


15 


E 

*  0.4 


MERIDIONAL 

TENSION 


x  =  xm^  sin  o 


y  ’  vH2  '  i)  -  e(vt  •  - 

Htt  •  t)  •  '•(•jf  •  «“•’  ^)]1 


E  arid  E  are  elliptic  integrals  o(  the  first  and  second  kinds 
K  is  a  complete  elliptic  integral  of  the  first  kind 


Nm  '  J  *fiere  p  is  internal  pressure 

’0  (Not  shown! 


-  !  . 

~  y  ph 

2  v:  SIR  0  4 


Figure  4.  Taylor  Curve  For  Zero  Hoop  Tension 


16 


domed  section  provide  the  pressure  structure  for  the  enclosure  end.  The  cables  are  equally 
spaced  around  the  fitting  and  the  circumference  of  the  ring.  For  added  safety,  the  cables 
embedded  in  Kirksite  (at  the  apex  fitting)  secure  the  loops  preventing  slippage  in  case  of  a 
cable  failure.  Bonding  of  the  bladder  and  foam  cover  to  the  stranded  wire  control  the  cable 
arrangement  in  the  folded  position. 

The  following  is  a  description  of  the  carbon  steel  wire  rop": 

(1)  Cable  size  7  x  7  0.067  inch  dia 

(2)  Ultimate  tension  480  lbs 

(3)  Safety  factor  3 

(4)  Design  pressure  5  psi 

C.  RIGID  STRUCTURE 

The  rigid  structure  consists  of  a  conical  segment  and  a  cylindrical  adapter  section  with 
a  box  section  compression  ring  joiningthe  two  at  their  interface.  The  conical  segment  is  the 
aft  portion  of  the  shelter  that,  in  conjunction  with  the  compression  ring,  functions  both  a s  a 
support  for  the  end  enclosure  and  as  the  termination  of  the  flexible  cylinder  aft  end.  The  coni¬ 
cal  segment  is  als°  integral  with  ‘he  adapter  section  to  form  the  packaging  Cloister,  thereby 
serving  a  dual  purpose.  The  adapter  section  is  attached  to  the  MOL  when  the  hangar  is  pack¬ 
aged  and  is  separated  from  the  MOL  with  electro-explosive  frangible  sturfu  for  deployment. 

In  the  packaged  configuration,  the  smaller  end  of  the  conical  segment  is  closed  by  an  aluminum 
honeycomb  sandwich  canister  cover.  During  the  deployment  sequence,  before  the  clam  shell 
doors  are  closed,  the  sandwich  cover  is  released  by  cutting  the  wire  retaining  rope  with  electro- 
explosive  cade  cutters. 

1.  Conical  Segment 

The  conical  segment  is  the  major  assembly  of  the  rigid  structure.  The  overall  size  r..r 
the  section  is  109  inches  in  diameter  at  the  interface  with  the  cylindrical  adapter  tapering  to 
96  inches  in  diameter  over  a  length  of  25  inches. 

The  conical  segment  of  the  protective  shelter  consists  of  (our  basic  items: 

ill  The  compression  ring. 

i2!  ‘Terminal  ring  attachments  for  both  the  cylindrical  webbing  and  closure  cables. 

(3>  Mor.ocoquc  shell  structure. 

1 4 >  Door  frames. 

Although  the  dv>r  frame  is  a  part  of  the  flexible  dome  structure,  its  construction  is  as¬ 
sociated  v  :th  the  conical  segment  and  therefore  described  *n  this  section. 

a.  Compression  Ring.  The  angle  of  intersection  at  the  attachment  of  the  flexible  structure 
to  the  conicai  segment  applies  a  compressive  force  v  r.  the  circular  cross  section  normal  to 
the  axis.  This  force  is  counteracted  by  a  compression  ring  incorporated  in:  >  the  conical  seg¬ 
ment  structure.  The  ring  can  lie  described  as  a  i<ox  warn  consisting  of  a  heavy  tee  section 
and  a  heaw  angle  section.  The  base  of  the  tee  section  forms  the  ir-er  face  of  the  ring  and 
on*-  leg  of  the  angle  forms  the  outer  face  of  the  ring  with  the  leg  ?>!  the  tee  and  the  other  leg  of 
the  angle  furnishing  the  vertical  sides.  Ir  sire,  the  diameter  of  the  ring  at  the  outer  lace  is 
i09  inches.  In  cross  section,  the  box  beam  is  3  inches  wide  aid  7.  Inches  deep.  The  tee  sec- 
tv'’  h*s  a  6  inch  base  to  provide  for  the  attachment  oj  the  mounting  ring  for  the  closure  cables. 
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Lecause  of  the  circumferential  length  of  the  compression  ring  and  the  stretch  forming 
required  to  contour  the  circular  shape,  the  extrusion  sections  are  spliced  with  butt  welds  and 
ground  smooth.  The  compression  ring  is  also  used  to  partially  support  the  hinge  fittings  that 
support  the  door  frames. 

b.  Terminal  Attachments.  The  flexible  structure  for  both  the  cylindrical  section  and  the 
domed  end  terminate  at  the  conical  segment  in  the  area  of  the  compression  ring.  The  terminal 
tubes  for  these  structures  are  located  in  planes  perpendicular  to  the  shelter  longitudinal  axis. 
Attachment  points  for  these  tubes  occur  at  ths  inner  face  of  the  box  beam.  At  these  attach¬ 
ment  points,  heat-treated  steel  fitting  arf  bolted  to  the  tee  section  extrusion  of  the  box  beam. 
Steel  support  links  provide  a  double  shear  connection  between  the  strap  termination  tubes  and 
the  steel  fittings. 

c.  Monocoque  Shell  Structure.  The  shell  structure  of  the  conical  segment  is  a  double  wall 
skin  and  stringer  monocoque  structure.  The  largest  end  is  attached  to  the  compression  ring, 
and  the  smallest  end  supports  the  canister  cover  retaining  ring.  The  shell  helps  support  the 

j  hinge  fittings  in  conjunction  with  the  compression  ring,  and  supports  the  motors,  and  cable 

i  and  reel  system  which  opens  and  closes  the  clam-shell  doors.  The  shell  structure  also  serves 

as  part  of  the  packaging  canister  and  guides  the  folds  of  the  flexible  doors  when  they  are  opened. 
The  retaining  ring  has  a  notched  flange  arrangement  which  meshes  with  mating  notches  on  the 
canister  cover  to  support  the  wire  rope  retainer.  The  hollow  spaces  between  the  skins  of  the 
double  wall  shell  are  filled  with  foam  similar  to  that  used  in  the  flexible  structure  so  thai  the 
conical  segment  also  provides  a  micrometeoroid  barrier.  The  prime  structural  purpose  of 
the  conical  shell,  ir.  addition  to  the  support  of  the  door  cables  from  th?  point  of  tangency  of  the 
Taylor  curve  and  the  conic  surface  to  the  cable  termination  tube,  is  that  of  a  pressure  vessel 
to  carry  the  inflation  loads  in  the  area  between  the  tangency  point  and  the  compression  ring. 
Since  the  shell  is  a  surface  of  revolution,  a  conic  surface,  this  task  poses  no  problem  as  only 
tensile  stresses  are  imposed  on  the  skin. 

d.  Door  Frame.  The  door  fram  consists  of  three  basic  parts  as  follows: 

(1)  The  frame  structure. 

(2)  The  apex  fitting. 

(3)  The  pressure  seal. 

In  relationship,  the  frame  structures  are  joined  with  the  hinge  attachment  which  in  turn 
is  secured  to  the  conical  segment.  The  structures  are  also  locked  together  with  the  apex  fit¬ 
ting  lock  pin  and  sealed  against  leakage  between  the  frames  with  an  extruded  seal  system. 

(1)  Frame  Structure.  The  clam  shell  frame  structures  for  the  shelter  entry  are  basic¬ 
ally  box  beams  made  from  extruded  channel  butt  welded  and  ground  flush,  centered  on  the 
equator  of  the  conical  segment  and  domed  e  .d.  Li  planform,  the  box  beams  follow  the  slope  of 
the  cone  and  the  Taylor  curve.  Construction  of  the  two  frames  is  similar  with  the  only  differ¬ 
ence  being  in  the  hinge  area.  In  cross  section  the  box  beam  is  2-1/2  inches  high  and  1-1/2 
inches  wide.  The  thickness  of  the  webs  is  0. 125-inch.  The  box  beam  oross  section  provides 
torsional  rigidity.  The  frames  are  approximately  12-foot  long  from  hinge  fitting  to  hinge 
fitting.  This  length  requires  splicing  tne  box  beams  at  the  apex  by  welding  then  grinding  f).  h 
to  maintain  an  uninterrupted  seal  surface.  The  hinge  adapter  fittings  are  extensions  of  the 
frames.  Along  the  frame  length,  provisions  are  made  for  attaching  the  pulley  brackets  for  the 
cable  and  reel  door  opening  and  closing  system.  In  the  center,  brackets  are  Incorporated  to 
mount  the  apex  fitting.  The  hinge  attachment  and  door  frames  are  installed  as  a  unit.  The  at¬ 
tachment  consists  of  a  pin  and  hinge  bracket  coupled  together.  Fusing  within  the  hinge  joint  is 
not  anticipated  because  of  the  light  loading  condition. 

(2)  Apex  Fitting.  The  apex  fitting,  discussed  briefly  in  the  flexible  structure  section 
(Section  IVB),  is*  located  and  supported  at  the  center  of  the  door  frames.  The  fitting  is  es¬ 
sentially  a  clevis  type  arrangement  with  one-half  of  the  fitting  or  cable  terminal  attached  to 
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the  upper  frame  and  the  other  half  supported  by  the  lower  structure.  The  assembled  fitting 
measures  14  inches  in  diameter  end  2*1/2  inches  in  width.  The  fitting,  as  shown  in  Figure  1, 
is  .*ade  from  heat-treated  titanium  material.  The  fitting  is  divided  into  four  parts;  two  rings, 
fork,  and  prong.  The  rings  transfer  cable  loads  to  the  fork  and  prong.  Each  ring  is  made  in 
one  piece  for  ease  in  fabrication  and  assembly  then  threaded  together  to  form  an  internally- 
tapered  groove.  This  groove,  undercut  in  cr^?s  section  and  located  at  the  periphery  of  the 
ring,  locks  the  flexible  structure  cables  in  position  with  Kirksite  casting  material.  Through 
bearing,  the  Kirksite  transfers  the  cable  load  to  the  ring.  After  the  two  rings  are  assembled 
into  one  piece,  this  is  cut  on  a  diameter  into  two  equal  pieces  to  be  attached  to  each  clam 
shell  frame.  Bolts  thru  one  ring  half  and  the  fork,  and  thru  the  other  ring  half  and  the  prong, 
transfer  the  cabie  loads  from  the  rings  to  the  fork  and  prong.  Angular  attachments  adapt  the 
apex  terminal  to  the  upper  and  lower  door  frames.  The  conical  slope  of  the  fork  makes  the  two 
halves  self  centering.  An  end-tapered  1-1/4-inch  diameter  rod,  activated  by  a  pneumatic  ac¬ 
tuator,  serves  as  the  locking  pin  for  the  closure  and  transfers  the  cabie  loads  from  one  side 
of  the  end  closure  to  the  other. 

(3)  Pressure  Seal.  The  pressure  seal  for  the  closure  is  located  between  the  upper  and 
lower  door  frames.  Grooves  in  the  seals  permit  them  to  fit  over  the  door  frame  box  beams. 

As  recommended  by  the  B.  F.  Goodrich  Company,  Akron,  Ohio,  the  seal  follows  the  require¬ 
ments  of  previous  applications.  The  seal  is  made  of  silicone  rubber  and  extruded  in  its  col¬ 
lapsed  position.  In  its  collapsed  position,  the  extended  lips  curve  away  from  the  attachment 
groove.  In  the  expanded  configuration,  the  overall  cross-sectional  dimensions  are  2-3/4  by 
1-1/2  inches.  Closing  the  doors  causes  the  tips  of  the  curved  extended  lips  to  touch  first; 
then  further  closing  causes  the  lips  to  deflect  and  press  against  each  other  forming  a  gas  tight 
joint.  Pressurization  causes  the  lips  to  press  more  tightly  together.  The  mechanical  proper¬ 
ties  cf  the  section  force  the  seal  to  return  to  its  collapsed  position  when  the  internal  pressure 
is  released  and  the  doors  are  opened.  The  design  configuration  of  the  clam  shell  door  arrange¬ 
ment  and  the  desired  redundancy  of  the  sealing  provisions  require  the  installation  of  two  seal 
units. 

2.  Adapter  Section 

The  adapter  section  is  a  monocoque  structure  canister  that  supports  the  launch  inertia 
loading  conditions  on  the  packaged  hangar.  The  adapter,  attached  to  the  base  plate  on  the 
head  of  the  MOL  during  launch,  is  configured  to  transfer  these  loads  from  the  garage  to  the 
cylindrical  structure  of  the  vehicle.  In  shape,  "he  section  is  cylindrical  with  a  maximum  dia¬ 
meter  of  J09  inches  and  a  length  of  approximately  20  inches. 

Except  for  attachment  fittings,  all  material  is  aluminum  alloy.  The  adapter  is  a  double 
wall  skin  and  stringer  structure  which  is  attached  to  the  compression  ring  and  is  filled  with 
foam  to  provide  a  micrometeoroid  barrier  for  the  flexible  structure  in  the  region  of  the  com¬ 
pression  ring  where  the  lorgitudinal  straps  and  flexible  structure  foam  barrier  terminate. 
Electro-explosive  frangible  studs  are  located  around  the  periphery  at  the  forward  end  to  attach 
the  adapter  section  to  the  base  plate  on  the  MOL  during  launch,  and  to  separate  the  adapter  sec¬ 
tion  from  the  MOL  for  deployment. 

D.  WEIGHT  BREAKDOWN 


In  conjunction  with  the  drawing  shown  in  Figure  1,  the  following  is  a  summary  of  the 
weight  analysis  for  the  Space  Maintenance  Hangar: 


Total  Weight: 


!459  pounds 


Fabric  Enclosure 
Flexible  Structure 
Thermal  Coating 
Outer  Cover 
Polyether  Foam 
Inner  Cover 


715  pounds 
489  pounds 
29  pounds 
26 
143 
27 


Lacing  Strips 
Chafe  Strips 
Web  Straps 
Hoop  Rings  -  Small 
Hoop  Rings  -  Large 
Isotensold  Cables 
Tape 
Bladder 
Rigid  Structure 

Tubular  Support  Rings 
Support  Links 
Support  Brackets 
Clam  Shell  Frames 
Spider 
Hinges 
Seals 
Actuator 
Miscellaneous 

Conical  Segment 
Compression  Ring 
Skins 
Stiffeners 
Retaining  Ring 
Canister  Cover 
Wire  Rope  Retainer 
Reels  and  Cable  System 
Foam 

Miscellaneous 

Cylindrical  Adapter  Section 
Skins 
Stiffeners 

Separation  Hardware 
Foam 

Miscellaneous 

Mounting  Structure 
Base  Plate 
Support  Ring 
Seals 

Miscellaneous 

Deployment  System 
Deployment  Tubes 
Pressurization  System 
Separation  System 
Miscellaneous 

Miscellaneous 


5  pounds 

5 

62 

60 

23 

22 

4 

83 

125  pounds 

6  pounds 

7 


381  pounds 
116  pounds 
67 

5 
16 

122 

2 

25 

10 

18 

76  pounds 
46  pounds 
9 
10 

7 

4 

168  pounds 
133  pounds 
25 
2 

8 

49  pounds 
11  pounds 
27 

6 

5 

70  pounds 


For  use  in  expanding  or  shortening  the  shelter,  a  weight  breakdown  of  a  typical  53  inci. 
bay  section  is  shown  as  follows: 


Total  Weight 

Thermal  Coating 
Outer  '"’over 
Polyether  Foam 


100  pounds 


5,  5  pounds 
5.1 
27.8 
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Inner  Cover 

4. 9  pounds 

Lacing  Stripe 

1.0 

Chafe  Strips 

1.0 

Web  Straps 

13.7 

Cable  Ring  -  Small 

12.0 

Cable  Ring  -  Large 

4.6 

Tape 

0.7 

Bladder 

14.6 

Miscellaneous 

9.1 
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SECTION  V 


MECHANICAL  SUBSYSTEMS 


A.  GENERAL 

Associated  with  the  structural  design  of  the  Space  Maintenance  Hangar  is  the  system  de¬ 
sign  of  the  mechanical  subsystems  for  operating  the  enclosure.  These  subsystems  are 
primarily  (1)  the  deployment  system,  (2)  the  door  operating  system,  and  (3)  air  pressure 
system.  They  are  integrated  to  the  extent  that  the  enclosure  will  automatically  deploy,  the 
opening  will  open  and  close  and  the  shelter  will  pressurize  or  deflate  in  the  proper  sequence. 
Although  the  studies  of  these  subsystems  have  been  carried  through  the  preliminary  design 
phase,  the  extent  of  detail  does  not  parallel  that  of  the  structure.  Figure  1  shows  the  mech¬ 
anisms  and  the  location  of  some  basic  components.  Detail  drawings,  however,  of  mechanical 
parts,  dependent  on  electrical  power,  the  gas  supply  source,  or  mockup  of  the  conceived  de¬ 
signs  for  proof  of  operation,  have  not  been  considered. 

B.  DEPLOYMENT  SYSTEM 

Two  modes  of  operation  are  used  in  the  deployment  system.  For  deployment,  a  pneu¬ 
matic  pressure  provides  the  energy  source  for  extending  the  deployment  tubes.  Pneumatic 
pressure  also  provides  the  energy  source  for  assisting  the  expansion  of  the  foam  of  the  end 
closure. 

The  system  for  deploying  the  hangar  consists  basically  of  pressure  vessels  inflated  with 
gas  which  in  turn  apply  forces  in  the  longitudinal  direction  to  extend  the  enclosure  mass.  On 
the  end  closure,  the  meteoroid  protection  mat  is  designed  as  a  pressure  vessel.  Gas  barrier 
covers,  sealed  at  the  ends  and  bonded  to  the  foam,  contain  the  gas  forced  into  the  foam  cavity. 
To  expand  the  foam,  pressures  of  1/8  psi  are  anticipated,  although  provision  is  made  for  pres¬ 
sures  as  high  as  1  psi. 

The  deployment  system  for  the  enclosure  is  shown  in  Figure  1.  A  gas  line  leading  from 
the  pressure  source  passes  through  an  electro-explosive  valve,  a  solenoid  valve  and  a  pres¬ 
sure  regulator,  to  the  deployment  tubes.  Initiation  of  deployment  at  the  master  control  ener¬ 
gizes  an  electro-explosive  valve,  normally  closed,  to  the  open  position,  permitting  gas  to  flow 
through  a  solenoid  valve  and  a  pressure  regulator  into  the  deployment  tubes.  Forces  applied 
to  the  tubes  extend  the  cylinder  until  it  reaches  the  required  length.  Pressure  limit  switches 
positioned  in  the  deployment  tubes  close  the  solenoid  valve,  thereby  terminating  the  deploy¬ 
ment  phase  for  the  tubes. 

C.  DOOR  OPERATING  SYSTEM 

Motor  reels  with  a  cable  system  close  and  open  the  clam  shell  doors.  The  system  is 
shown  in  Figure  1. 

1.  Closing  System 

The  clam  shell  doors  are  closed  with  one  motor  reel  and  two  cable  systems.  Only  the 
upper  motor  reel  is  used.  Each  cable  extends  from  the  reel  over  two  pulleys  mounted  on  the 
rigid  conical  segment  and  over  one  pulley  mounted  on  the  lower  clam  shell  frame  to  a  terminal 
on  the  u,  oer  clam  shell  frame.  Reeling  in  the  cables  closes  the  doors.  To  maintain  the  doors 
in  their  closed  position,  the  door  structures  are  locked  by  a  pin  controlled  with  a  pneumatic 
actuator.  With  a  100  psi  system  on  the  actuator,  a  force  of  800  lbs  engages  the  pin  in  the  fork 
and  prong  of  the  apex  fitting,  and  approximately  750  pounds  is  available  for  retracting  the 
plunger.  The  foam  on  the  end  closure  is  pressurized  by  gas  from  the  deployment  tubes  con¬ 
trolled  by  solenoid  valves  and  pressure  limit  switches.  Engagement  of  the  two  apex  fitting 
halves  at  the  termination  of  the  closing  operation  contacts  a  limit  switch.  The  limit  switch 
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energizes  three  solenoids,  opening  valves  to  pressurize  the  foam  mats.  The  latter  function 
improves  the  thermal  insulating  quality  of  the  foam  and  helps  expand  the  foam  which  is  tightly 
compressed  by  the  closure  folding  to  the  packaged  configuration. 

2.  Opening  System 

Referring  to  Figure  1,  two  reel  units  are  shown  positioned  at  the  top  and  bottom  of  the 
conical  segment  near  the  compression  ring.  Four  sets  of  cables  run  from  the  reels  to  pulley 
systems  mounted  in  each  quadrant  of  the  conical  segment  and  on  the  ciam  shell  frames  before 
returning  to  the  reels.  Each  reel  retracts  the  left  and  right  hand  quadrant  cable  installation 
and  each  torque  motor  is  positioned  for  maintaining,  if  possible,  equal  and  opposite  forces  to 
prevent  destabilization  of  the  conical  segment.  The  door  opening  operation  is  initiated  by  a 
sequence  timer  after  the  hangar  has  been  evacuated.  Power  to  the  solenoid  valve  pressurizes 
the  actuator,  pulling  the  pin  from  the  apex  fitting  fork  and  prong.  A  limit  switch  in  the  pin 
retracted  position  energizes  the  two  reel  motors  for  opening  the  doors.  The  cable  network 
prevents  the  flexible  structure  from  dropping  into  the  entrance  opening.  Limit  switches  on 
the  lines  disconnect  the  power  when  the  door  closure  is  fully  open. 

D.  HANGAR  PRESSURE  SYSTEM 

The  enclosure  cavity  is  pressurized  to  5  psi  from  a  supply  source  in  the  MOL.  The 
system  consists  of  a  pressure  reduction  valve  and  solenoid.  Pressure  during  use  of  the  han¬ 
gar  is  maintained  through  a  reduction  and  energized  solenoid  valve.  For  depressurizing  the 
hangar,  the  door  frame  seals  become  the  means  for  evacuating  the  enclosure.  The  doors 
open  until  a  limit  switch  indicates  a  1/2-inch  gap  at  the  center  of  the  door  frame  seals.  In 
this  position  the  gas  escape  area  for  the  enclosure  is  equal  to  approximately  40  square  inches. 
This  method  eliminates  the  need  for  solenoid  exhaust  valves.  In  addition,  increased  deflation 
time  and  increased  system  reliability  are  possible. 
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SECTION  VI 


MICROMETEOROID  PROTECTION  ANALYSIS 


A.  MICROMETEOROID  ENVIRONMENT 

The  wall  puncture  hazard  lor  micrometeoroids  is  assessed  below  in  terms  of  the  Poisson 
probability  of  no  puncture.  This  probability  depends  upon  the  surface  area,  the  exposure  time 
and  the  flux  of  particles  capable  of  puncturing  the  shelter  wall.  The  perforation  flux  also  de¬ 
pends  upon  the  environment  and  the  shieidlpfr  effectiveness  of  the  shelter  wall. 

In  a  near-earth  orbit,  the  micrometeoroid  environment  is  composed  of  both  omnidirec¬ 
tional  (sporadic)  and  unidirectional  (shower)  micrometeoroids.  The  following  relationship 
(Reference  2)  is  accepted  as  the  standard  yearly  average  sporadic  micrometeoroid  environ¬ 
ment: 


Logjo  Ngp  =>  -1. 3s  logjo  M  -  10.  423 


where 


N  =  number  of  impacts  per  square  foot  per  day  of  particles  Mass  M  or  larger. 

M  =  mass  in  grams. 

A  similar  relationship  can  be  written  for  the  shower  micrometeoroid  environment  in  a  near- 
earth  space,  i.  e. 

Logio  Ngh  *  -1.34  logjo  M  -  2.68  logjo  V  +  IoKlO  F  '  6.46b 

where 

V  =  geocentric  velocity  of  the  meteoroid  stream  (km  sec. ) 

Averaging  overall  large  showers  per  year  gives  an  average  velocity  of 
40  km/ sec.  . 

F  =  ratio  of  accumulative  meteor  stream  flux  to  the  sporadic  meteor  flux. 

The  sporadic  meteoroid  flux  applied  to  the  total  surface  area  of  the  vehicle  whereas 
the  shower  meteoroid  flux  is  applied  to  only  the  average  projected  area  of  the  vehicle.  The 
space  maintenance  hangar  in  a  near-earth  orbit  will  be  shielded  during  pa"t  of  its  orbit  by  the 
earth  against  both  shower  and  sporadic  micrometeoroids.  This  shielding  (viewing  loss)  is 
given  by  the  following  expression: 

.  /.  J (R  -  H)2  -  R2  )  „ 

L  =  Viewing  loss  =  1 1 - r~Th - 7  ^ 

where 

R  =  radius  of  shielding  body  (earth). 

H  -  altitude  of  orbit  above  the  earth's  surface. 

The  total  number  of  micrometeoroid  impacts  (It)  for  particles  of  mass  M  or  greater  en¬ 
countered  by  the  garage  can  be  given  by  the  following  equation: 

Ix  =  (1  -  L)(AS  Ngp  •*  Ap  Ngh)r 
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where: 


Ag  *  surface  area  of  the  garage 
Ap  *  average  projected  area  of  the  garage 
r  =  mission  duration 

If  the  average  velocity  of  all  shower  micrometeoroids  is  about  40  km/sec  then  a  good  approxi¬ 
mation  is  that 

NSh  =  FNSP 


or 


IT  ■  (1  -  L)  NSp  (Ag  +  )t 
B.  MATERIAL  SELECTION 


To  comply  with  the  contractual  specifications,  a  probability  of  zero  penetrations  greater 
than  0.  995  is  required.  This  requires  that  the  protection  material  used  on  the  shelter  must 
be  capable  of  stopping  a  certain  minimum  mass  projectile  Mm  as  can  be  seen  from  the  Poisson 
probability  of  zero  punctures  (PG)  expression,  i.  e. 

P(o)  -  e'*r 

=  e'd  "  U  (As  +  F  Ap)r  Ngp 
P(o)  =e*U-  L)  (Ag  +  F  Ap)T  10  '10-  432  Mm  34 


/  - 1 . 34 \  3/4 

~l°&e  p(o) 

(Mm  ) 

(1  -  L)  (Ag  +  F  Ap)r  x  10  *10-  432 

M 


m 


(1  -  L)  (Ag  +  F  Ap) t  x  10 '10-  432  |  3  4 

-l0Ke  P(o)  .1 


/ 

Experimental  and  theoretical  results  indicate  that  depth  of  penetration  of  micrometeorotds 
into  mos1  materials  is  dependent  on  the  1/3  power  of  their  mass.  From  past  test  experience 
on  materials  (References  3,  4,  and  5)  very  similar  to  the  proposed  hangar  material,  GAC  has 
shown  that  a  5  mg  hypervelocity  projectile  -ill  penetrate  the  structural  wall  when  the  low  den¬ 
sity  foam  is  less  than  1.  5  inches  and  will  cause  no  significant  damage  to  the  structural  wall 
when  the  foam  is  1.75  inches  or  thicker.  Using  the  1.  75  inch  thickness  to  stop  a  5  mg  pro¬ 
jectile  one  obtains  the  following  expression  for  penetration  depth  (T)  as  a  function  of  projectile 
mass  (Mm): 


T  * 


1. 75  inch. 


Substituting  Mm  from  the  above  expression  that  equation  becomes: 


T  = 


(1  -  L)  (As  +  FAp)t  x  10-10  432  1  1  4 

-log*  *(o) 


1.  75  inch 


(5  x  10‘3gms)  1/3 
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For  the  4>ace  maintenance  garage  the  appropriate  parameters  (or  the  desired  mission 
and  vehicle  are, 

1  -  L  *  0.7  for  ISO  nmi  orbit 

F  *  1.0 

As  •  600  ft2 

Ap  »  230  ft2 

r  «  60  days 

P(0)  >  0.995 

Upon  substituting  these  parameters  into  the  above  equation  the  rurve  of  Figure  5  is  obtained. 

To  insure  a  0.995  probability  of  no  penetrations  a  foam  thickness  of  about  1.6  inches  is 
indicated.  The  above  equations  can  be  used  to  show  that  this  probability  of  no  penetrations, 
for  the  protective  enclosure,  requires  that  the  material  lie  capable  of  stopping  particles  which 
have  a  mass  of  about  3.  8  mg.  Experimental  data  on  a  similar  material  (Reference  4)  indicates 
that  a.  5  mg  projectile  is  adequately  stopped  by  about  1.75  inches  of  foam.  Therefore  to  assure 
a  probability  of  no  penetrations  greater  than  0.995,  a  foam  thickness  of  2.00  inches  is  con¬ 
sidered  quite  sufficient. 

Material  for  the  polyether  foam  is  described  as  follows: 

(1)  Type  L'U-15 

(2)  Thickness  2.0  inch 

(3)  Density  1.2  lb  ft^ 

It  should  be  noted  that  there  is  a  continuous  in-house  oftnrt  on  studies  relative  to  pro¬ 
tective  materials  for  micrometeoroid  environment.  At  present  an  approach  nodi  r  consider¬ 
ation  employs  a  bumper  wall  (at  least  15  mil!  which  is  set  away  from  (he  low  density  loam 
barrier.  Basically,  the  concept  reduces  the  foam  thickness  and  installs  a  fabric  curtain  which 
is  set  at  least  an  inch  from  the  foam.  Preliminary  experimental  results  indicate  that  mdm  - 
tion  of  the  foam  thickness  by  atx>ut  a  factor  of  2  is  possible,  thereby  rntm  mu  weiuht.  A;  !h< 
present  time,  Goodyear  Aerospace  has  a  company -funded  project  on  this  concept.  More  toss¬ 
ing  is  to  be  dore  in  the  near  future. 
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SECTION  vn 


THERMAL  CONTROL  ANALYSE 


A.  INTRODUCTION 

The  space  maintenance  hangar  configuration  analyzed  in  this  section  is  that  shown  in 
Figure  1.  For  simplicity  this  configuration  is  regarded  as  a  cylinder  8.2  feet  in  diameter 
with  a  hemispherical  end  and  a  total  length  of  24.  8  feet.  Two  types  of  surfaces  form  the  sys¬ 
tem:  a  double-wall  aluminum  conical  segment  which  houses  the  expand*^  section  in  the  '•ol- 
lapsed  position,  and  an  inflated  section  covered  by  a  micrometeorrid  barrier  discussed  in  a 
previous  section. 

Thermal  design  criteria  are: 

(1)  A  comfortable  "room  temperature"  is  to  be  maintained  within  the  system  for  human 
habitation  and  reliable  equipment  operation. 

(2)  Material  temperature  limitations  are  not  to  be  exceeded.  Hot  spots  or  cold  spots 
may  exist  for  brief  periods  on  the  external  surfaces  where  the  temperature  limita¬ 
tions  are  approximately  -300°  F  to  250°  F. 

(3)  Internal  system  surfaces  must  be  white  to  enhance  lighting. 

(4)  The  thermal  design  must  be  compatible  with  the  project  concept  of  a  simple,  erec- 

table  hangar. 

Criteria  (31  is  easily  satisfied  by  the  use  of  white  paint.  A  vehicle  rotation  of  one  rpm 
is  presumed  to  alleviate  the  severity  of  the  hot  and  cold  spot  problem,  so  that  av-idanrr  ••! 
certain  hot  (  large  ratio  of  solar  ahsorptan.ee  to  omittance’  coatings  will  r :  -ti r»-  c.-mph.i!  r< 
with  Criteria  (2).  Criterias  (1)  and  (41  are  somewhat  contradictory.  Th«  rma!  r  n-:r>  i  r. 
ings  meet  the  above  requirements.  Due  to  weight  and  complexity .  adjustable  i  and  hv.tt 

pumps  with  a  radiator  would  seem  to  be  excluded  from  consideration.  Tempo  rat  ur«  variaii. 
are  caused  by  the  effects  of  variable  internal  heating,  degradation  of  thermal  e  at  mg*.  m  -  •• 
sulations,  and  variations  in  external  heating.  Toe  Utter  is  caused  i»v  variations  ;n  urth  .» i i > •  - s  . 
and  reradiation  intensities  as  well  as  orbital  changes  with  respect  to  and  as  the  .-art  t  prog  rev . 
ses  about  the  sun,  and  computational  errors.  Thermal  coatings  will  a*»sur«  adequate  tor  r  - 
tures  for  equipment  reliability  and  w  ill  permit  human  occupancy  with  the  aid  pr> -tec  live 
clothing  (shirt  sleeves  to  winter  clothing1.  In  order  to  maintain  .«  shirt-sicowenv  iron  me:  ‘ 
with  a  much  tighter  temperature  band,  a  more  sophisticated  thermal  c-  i r •  1  system  will  m 
required,  the  basic  vehicle  thermal  control  system  max  c.-r.cei\ ah.’v  !-•  ,  -e.'  : ■■•r  this  purp.  - 

This  section  presents  the  results  analyses  to  produce  a  trr.tatst.  tm  rma;  ies— ;  i 

illustrate  the  effect  of  various  thermal  parameters  e-n  the  system  ;«*rr.p*  r  .lures 

R.  TECHNICAL  DEC ISSTON 

1.  External  Heat  Flat 


The 

S^ace  Maintenance  Hangar  is  hea**d  externally  n 

v  three  t\  prs  ■ 

;  shr r . 

.  r 

O’ 

Sojar  radiation. 

(2) 

Earth  reflected  solar  radiation  taltiedoi. 

(3) 

Earth  infrared  reradiatton. 
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The  magnitude  of  these  heating  terms  depends  upon  the  type  o.  orbit  selected  for  the  hangar 
All  orbits  will  lie  between  the  two  thermal  extremes  of  a  day-i.'ght  orbit  and  a  twilight  orba. 

A  day-night  orbit  is  defined  as  passing  through  the  earth-sun  line,  and  is  possible  with  either 
an  equatorial  or  polar  launch.  The  twilight  orbit  is  defined  as  one  remaining  over  dawn  and 
dusk  areas  of  the  earth,  and  is  possible  only  with  a  polar  launch.  The  thermal  analysis  will 
be  limited  to  these  two  orbital  extremes.  The  typical  orbital  altitude  of  160  nautical  miles 
specified  for  these  studies  is  expressed  in  a  dimensionless  altitude  term  K  defined  as: 

K  =  Re/(Re  ho)  (1) 

so  that  K  =  0.96  for  this  application. 

In  order  to'obtain  the  albedo  and  earth  radiation  intensities  upon  the  hangar  the  radiation 
view  factors  from  the  hangar  to  the  earth  will  be  required.  Consider  a  flat  surface  with  an 
orientation  angle  3  with  respect  to  the  earth-surface  line  (3  =  0  when  surface  faces  earth). 

The  view  factor  from  the  surface  to  the  earth  is  then: 

=  K2  cos  3  0  3  £  cos*1  K 

=  K2  cos  jjl  -  sin"1  (fj  /K  sin  3)/»  j  +  [  sin" 5  (t  j /sin  3)  -  fj  f2)  A 

cos*1  K<3  A/2 

F  j  =  |k^  cos  J  sin"1  (fj/K  sin  3)  +  sin"5  (f j /sin  3)  ♦  f, 

^  3  <  cos" 5  (-K) 

F ;  =  0  cos'5  -K)  $  ^  s  (2i 

where 


f,  =  v  K2  -  cos‘2  . 

h  vi-  YJ 


Equation  (2'  is  plotted  in  Figure  6.  The  view  factor  from  the  cylindrical  portion  of  the  hangar 
to  the  ear'h  is' 


o  c 


Equ  at  ion  >3i  is  integrate'!  numerically  to  obtain  a  value  of  Fr  .  0.  382??.  The  view  fac¬ 
tor  from  the  hemispherical  portion  of  the  hangar  to  the  earth  is  '  .v  same  as  that  fr-  m  a 
sphere  to  the  earth  rhich  is 

ir k,  =  0 .  5  i  1  -  f 2 ■  it 

so  that  Fj,  equals  0.36  for  this  application.  The  value  of  th<  -  sew  'actor  from  portion*  of  the 
hemisphere  to  the  earth  vary,  of  course,  from  Ff  -  Fr  2  •>.  3?<10  on  the  fei  •  <  0.  36277 

where  the  hemisphere  merges  into  the  cylinder,  with  the  0.  36  being  ar.  average  value. 


the 


Earth 
value  d 


reradiation  flux  intensity  on  the  hangar  ;s  independent  of  the  type  of  .--rh 
the  earth  alt*.- Jo  ;a;  as  Q.  3€  and  the  solar  constant  (C1  as  442.  4  Btu  hr 
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("ire  6.  Radiation  View 


Ec  =  C  -■  ]— ■  Fc  =  27.09 


Eh  =  C  Fh  =  25.48 


Ee  =  C  Fe 


22.94 


(5) 


Solar  and  albedo  intensities  vary  with  the  type  of  orbit.  For  a  day-night  orbit  let  0  be 
the  orbital  angle  measured  from  the  earth  sun  line  in  the  direction  of  flight.  The  hangar  is 
then  in  the  umbra  for  values  of  8  between  105°  and  255°. 

Since  the  hangar  follov's  the  attached  vehicle  the  solar  fluxes  are: 


Sc,  8 

=  C 

(cos  <?)  abs /if 

255° 

< 

e 

4 

105° 

sc,9 

=  0 

105° 

< 

e 

< 

255° 

sh,6> 

=  c 

(1  v  sin  $)/< 

270° 

8 

4 

105° 

Sh.  6 

-  0 

105° 

< 

8 

< 

270° 

se,8 

=  c 

sir.  6 

0° 

8 

105° 

Se,8 

=  0 

105° 

< 

6 

< 

0° 

(6) 


Orbital  average  values  are: 
2  T, 

Sc  =  /  Sc.8  cW 


2v 

/< 


d<?  =  46.35 


2.7 


'  /  snj 


2r 


Se  = 


/Se, 


68 


69- 


lT. 

/  de  =  64. 52 


2t, 

( 


J 

o 


d  8  =  88.63 


17! 


Considering  the  low  orbital  altitude,  the  albedo  fluxes  are  reasonably  approximated  as: 


Qc  ^  =  C  a  Fc  cos  8 
Qc.e  =  0 

Qtl<  ^  =  C  a  Fh  cos  8 
Qh.w  *  0 

Qp^  $  =  C  a  Fe  cos  tt 
Qe,fy  =  9 


270° <  8  4  90° 
90°  <  8  <  270° 
2  70°  41  «  £  90° 
90°  <  h  <  270° 
270°^  9  4  90° 
90°  <  8  <  270° 


(8) 
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Orbital  average  values  are: 


Qc  ' 

Qh  = 

Qe  * 


2n 

J  d«  =  19.40 
o 

2n 

f  d6  =  18.25 
o 

2  T, 

f  d6  =  16.43 
o 


(9) 


For  a  twilight  orbit  the  solar  and  albedo  fluxes  are  constant: 

Sc  =  C/n  =  140.82 
Sh  =  C/4  =  110.60 

Se  =  Qc  =  Qh  ~  Qe  =  9  (10) 

Average  fluxes  over  the  hangar  may  be  obtained  by  treating  the  hangar  surface  area  as 
83.6  percent  cylindrical  and  16.4  percent  hem  spherical  end,  then: 

Eg  =  0.836  Ec  +  0.164  Eh  =  26.63  (11) 

For  a  day-night  orbit: 

Sg  =  0. 836  Sc  4  0. 164  Sh  -  49. 33 

Qp  =  0.836  Qc  4  0.164  Qh  =  19.21  (12) 

For  a  twilight  orbit: 

Sg  =  0.836  Sc  +  0.164  Fh  =  135.86 

Qg  =  0  (13) 

2.  Equilibrium  Temperatures 

The  external  heat  fluxes  previously  derived  may  be  used  to  compute  the  radiation  equili¬ 
brium  temperatures  of  the  hangar  external  surfaces  as  well  as  the  internal  temperature. 
Neglecting  internal  heating  and  internal  heat  transfer,  a  heat  balance  on  any  surface  takes  the 
form: 

fffT4  =  E(  +  (S  +  Q)  o 
or 

flT4  =  E  +  (S  ♦  Q)  a/t  (14) 

The  equilibrium  temperature  is  seen  to  be  a  function  of  the  external  heat  fluxes  and  the  ratio 
of  solar  absorptance  (a)  to  etnittance  or  infrared  absorptance  ( t ).  Utilizing  the  fluxes  of 
Equations  (5,  7.  and  9  through  13),  the  resultant  temperatures  are  plotted  in  Figure  7  as  a 
function  of  the  a/t  ratio. 
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Figure  7.  Space  Maintenance  Hangar  Equilibrium  Temperatures 


» 


It  may  be  observed  from  Figure  7  that: 

(1)  An  average  a/(  ratio  near  1. 5  appears  desirable  for  a  day-night  orbit,  while  a 
ratio  ear  0.75  appears  desirable  for  a  twilight  orbit. 

(2)  The  type  of  orbit  makes  a  difference  in  temperature  of  approximately  70°F. 

(3)  Local  temperatures  on  the  hangar  surface,  other  than  the  tip  or  end  of  the  hemi¬ 
sphere,  vary  by  only  about  20°F.  It  may  be  noted  that  the  end  surface  comprises 
a  very  small  percentage  of  the  total  hangar  area. 

The  Figure  7  temperatures  will,  of  course,  rise  if  internal  heating  occurs.  Internal  heat 
transfer  will  dampen  the  local  temperature  variations.  Since  the  heat  fluxes  utilized  are 
averages,  the  temperatures  are  averages  about  which  the  actual  temperatures  will  cycle  as 
the  hangar  rotates  and  moves  around  the  earth. 

3.  Rotational  Transient  Temperatures 

As  the  hangar  rotates  at  the  presumed  rate  of  one  rpm,  the  external  surface  will  ex¬ 
perience  variable  heating  which  will  cause  temperatures  cycling  at  the  rate  of  one  cycle  per 
minute.  This  effect  is  most  severe  on  the  inflated  surface  of  the  hangar,  as  opposed  to  the 
conical  segment,  since  the  inflated  surfaces  nave  less  mass  and  are  better  insulated  from  the 
interior  surfaces.  For  this  reason  the  inflated  cylindrical  surfaces  are  selected  for  a  study 
of  the  transient  temperatures  of  the  hangar. 


Before  a  transient  analysis  can  be  accomplished,  a  thermal  model  of  the  affected  sur¬ 
faces  must  be  constructed.  The  inflated  surfaces  have  two  primary  components,  a  pressure 
bladder  and  a  micrometeoroid  barrier.  Two  concepts  of  micrometeoroid  barriers  have  been 
used  to  construct  two  thermal  models  as  shown  in  Figure  8.  Since  the  polyether  foam  acts  as 
thermal  insulation,  the  pressure  bladder  is  insulated  from  the  transient  temperature  variations, 
closely  follows  internal  temperatures,  and  is  presumed  to  have  a  constant  and  typical  temper¬ 
ature  of  75°  F.  Thermal  conductivity  of  the  open  cell  polyether  loam  is  an  important  para¬ 
meter  which  is  variable;  the  conductivity  is  approximately  0.24  Btu-in  hr-ft2-°F  initially  but. 
following  penetration  of  the  outer  laminate  by  micrometeoroids,  outgassing  will  eliminate 
gaseous  conduction  across  the  cells  and  reduce  this  conductivity  to  approximately  0.07  Btu- 
in/hr-ft2-°F  (Reference  3).  The  latter  value  produces  the  most  severe  transients  and  is  used 
in  the  transient  studies.  Each  model  is  arbitrarily  divided  into  five  nodes  as  shown  in  Figure 
8,  and  the  slight  surface  curvature  is  neglected. 


A  heat  balance  on  each  node  of  the  2- inch  model  may  be  written: 

(T2  -  T,)  +  (S  +  Q)  a  +  E(  =  to  Ti4  +  («cD)i  -T-i- 
y  F  dr 


K 

y 


dT 1 

L(T1+1  +Tm  -  2  Tj)  =  (u  cp)j  . 


2  4  i  ^  5 


(15) 


where  y  is  the  distance  between  nodes,  Tg  is  defined  as  75°  F  (534.  7°F),  and  (ucp)j  is  the 
thermal  mass  of  node  i.  For  the  1-inch  model: 

dT, 


4  4  u  *  i 

(S+Q)o  +  E<  +  « j  uT2  =(f+<i)<r  Tj  +  (wCp)] 

K*  4  .  dTo 

—  (To  -  To)  +  fi  <rTi  =  <t<jT~4  '  -  '  - 

y 

K 

~y 


<T3-T2)  ♦  qaT,1  =  T24  ♦  (wCp)2 

dr 


+  ,  ♦  Tj  .  j  -  2Tj)  =  (wcp)j  dTl 


3  ^  i  ^  5 


(16) 
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2-INCH  MODEL 


PRESSURE 

BLADDER 

75°F 


SOLAR,  ALBEDO,  AND 
EARTH  RADIATION 

HD  a,  f  -  AS  DESIRED 

OUTER  LAMINATE 
u>  =0.023  LB/FT2 
Cp=  0.25  BTU/LB-°F 


POLYETHER  FOAM  ~  2  IN.  THICK 

P  =  1.  2  LB/FT3~  Cp  -  0.23  BTU/LB-°F 
Kt  =  0.07  BTU-IN/HR-FT?.  °F 


PRESSURE 

BLADDER 

75°F 


1-INCH  MODEL 


\r 

\ 

* 

\ 

* 

* 


© 


NODE 


©iii® 


As 

Desired 

HD 


SOLAR,  ALBEDO,  AND 


EARTH  RADIATION 

HD  a,'  -  AS  DESIRED 

BUMPER  vVALL 
0,  0.  1  LB/FT2 

Cp  -  0.  25  BTU/LB-°F 


POLYETHER  FOAM 
1-INCH  THICK 
p,  Cp,  1^  -  SEE  ABOVE 


OUTER  LAMINATE 

0.014  LB/FT2 


Cp  -  0.025  BTU/LB-OF 


Fi^re  6.  Thermal  Models  of  Inflated  Surface  for  Transient  Studies 


(17) 


where  <  j  is  the  effective  eznittance  between  nodes  1  and  2  defined  as: 


The  external  heating  terms  must  be  evaluated  as  a  function  of  time  (r).  A  somewhat  conser¬ 
vative  and  greatly  simplified  analysis  of  rotational  response  results  if  the  cylindrical  surface 
is  presumed  normal  to  sunlight  while  albedo  and  earth  radiation  are  neglected:  with  a  one  rpm 
rotation: 


S  =  C  cos  (120  n  t)  270°  <120  4  90° 

S  =  0  90°  <  120  <  270° 


Q  =  E  =  0.  (18) 

Utilizing  equation  (18),  equations  (16)  and  (17)  are  solved  numerically,  by  a  backward  differ¬ 
ence  technique,  to  obtain  transient  equilibrium  solutions  (cyclic  repetitive  temperatures). 
Values  of  the  variables  o,  e  ,  and  1 1  must  be  specified  as  input  data.  Figure  9  presents  the 
results  of  this  study.  A  black  surface  (a  =  «  =  0.9)  produces  transient  temperature  differen¬ 
tials  of  96°  F  on  the  surface  of  the  2-inch  model,  approximately  45°F  on  the  bumper  of  the 
1-inch  model,  and  0.4°F  to  12°F  respectively  on  the  outer  laminate  surface  of  the  1-inch 
model  for  values  of  f  i  from  0.  025  (aluminized  Mylar,  or  similar  substrate,  surfaces)  to  0.  8 
(black  or  high  <  white  surfaces).  Lower  values  of  a  and  f  will  decrease  these  differentials  as 
well  as  transient  temperatures  resulting  from  a  day-night  orbit.  State-of-the-art  coatings 
which  appear  desirable  for  hangar  application  are: 

(1)  Aluminized  Mylar  or  similar  substrate.  Typical  properties  are  a  =  0. 15, 

c  =  0.05,  a/e  =  3. 

(2)  A  thin  layer  of  SiO  on  aluminized  Mylar.  Typical  properties  are  a  -  0.  15, 

e  =  0.  5,  o  'e  =0.  3. 

(3)  Aluminized  silicone  white  paint.  Typical  properties  are  o  =  t  -  0.  25,  a;  e  =  1 . 

These  three  coatings  may  be  combined  by  painting  stripes  or  other  patterns  of  coating  (3)  on 
sections  of  (1)  or  (2)  to  yield  average  ’/alues  of  from  0.  3  to  3.  The  differentials  produced  by 
these  coatings  are  observed  from  Figure  9  to  be  less  than  28°  F  for  the  surface  of  the  2- inch 
model,  13°  F  for  the  bumper  of  the  1-inch  model,  and  4°  F  for  the  outer  laminate  surface  of 
the  1-inch  model.  These  rotational  transient  temperature  variations  must  be  considered  when 
evaluating  hot  spot  material  temperatures,  but  have  negligible  effect  on  internal  and  system 
balance  temperatures. 

4.  Hot  Spot  Temperatures 

The  polyether  foam  effectively  insulates  the  outer  laminate  from  the  pressure  bladder 
and  hangar  inter’or.  It  is  conceivable  that  portions  of  the  external  surlace  may  achieve  local 
hot  temperatures  beyond  material  limitations  even  though  the  hangar  interior  is  at  a.  comfort¬ 
able  room  temperature.  Excessively  cold  temperatures,  on  the  other  hand,  do  not  present  a 
problem  since  the  low  orbital  altitude  and  hangar  rotation  insure  temperatures  higher  than 
minus  120°F.  The  high-temper?ture  limitations  of  the  polyether  foam,  outer  laminate,  and 
bumper  wall  may  preclude  or  restrict  the  use  of  certain  thermal  coatings  for  these  external 
surfaces. 


For  a  twilight  orbit  the  average  surface  temperature  will  not  exceed  those  of  Figure  7, 
with  transient  variations  as  the  hangar  rotates  per  Figure  9.  The  cylindrical  surface  is  ihe 
warmest,  but  an  a/ e  ratio  as  high  as  2  appears  to  cause  no  high  temperature  problem  presum¬ 
ing  material  limitations  in  the  order  of  225°F  to  250°F.  Since  the  desired  average  a  t  ratio 
for  internal  temperature  control  is  less  than  1,  limiting  the  Q/f  ratio  to  a  maximum  of  i  will 
insure  reasonable  hot  spot  temperatures. 
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TEMPERATURE  DIFFERENTIAL  ~  °F  SUNUGHT 


WHITE  PAINT  (  a  =  t  =  0. 25)  ON  ALUMINIZED  MYLAR 
( a  =  0. 15,  <  =  0.  05)  OR  Si  O  ON  ALUMINIZED  MYLAR 
( a  =  0.15,  i=  0.50) 


POLYETHER  FOAM  CONDUCTIVITY  =  0.07  BTU-IN/HR-FT2-°F 


FOR  a  -  »  =  0.  9  : 

TEMP  DIFF  ON  2-INCH  MODEL  =  96  °F 
TEMP  DIFF  ON  1-INCH  MODEL  : 

EFFECTIVE  «  BETWEEN 
BUMPER  FOAM  BUMPER  AND  FOAM 

44. 4*^  11.6  °F  0.8 

46.  0°F  0.  4  °f  0.025 


Figure  9.  Rotations  Response  Characteristics  of  Ex‘»rnal  Surface 
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For  a  day-night  orbit  the  average  surface  temperatures  are  again  given  by  Figure  7, 
but  with  transient  variations  not  only  as  the  hangar  rotates  but  as  the  hangar  passes  through 
the  day-night  cycle.  The  latter  effect  is  appreciable.  To  evaluate  these  transients  the  thermal 
models  described  by  equations  (15)  and  (16)  are  again  utilized.  Heat  fluxes  from  earth  reradi¬ 
ation,  solar  radiation,  and  albedo  radiation  were  previously  derived  and  presented  in  equations 
(5),  (6)  and  (8)  respectively  as  a  function  of  the  orbital  angle  0.  Since  the  orbital  period  is  9c 
minutes  (1.5  hr),  the  orbital  angle  (0)  is  related  to  time  (r)  by  the  expression: 

0  =  y  (19) 

The  resultant  transient  equations  are  again  solved  numerically,  utilizing  a  backward  differ¬ 
ence  method,  after  specifying  values  for  a,  t ,  and  t j. 

Results  for  the  day-night  orbit  are  presented  in  Figure  10  for  the  three  low  value  a  and 
t  coatings  previously  discussed.  The  end  surface  of  the  hemisphere  is  seen  to  be  consider¬ 
ably  warmer  than  the  cylindrical  surface.  An  o/e  ratio  of  1  (a  =  (  =0.  25)  appears  to  be  tne 
maximum  permissible  for  the  end  surface,  which  does  not  encounter  rotational  transients. 

The  maximum  permissible  a/f  ratio  for  the  cylindrical  surface  appears  to  be  3.  Since  the 
average  a/t  ratio  desired  for  internal  temperature  control  is  greater  than  1,  it  is  obvious  that 
the  hemispherical  end  will  require  a  different  thermal  coating  than  the  cylindrical  section. 

For  comparison,  use  of  a  black  coating  ( o  =  t  =0.9)  would  produce  cylindrical  hot  spot  tem¬ 
peratures  of  140°  F  on  both  models  and  end  surface  hot  spot  temperatures  of  255°F  on  both 
models.  Using  an  effective  internal  emittance  (<j)  of  0.025  rather  than  0.3  with  the  a  =  e  = 
0.25  coating  on  the  1-inch  model  increases  the  maximum  bumper  temperature  to  132°F  and 
238°F  and  decreases  the  maximum  foam  temperature  to  86°F  and  120°F  for  the  cylindrical 
and  end  surfaces  respectively. 

C.  THERMAL  DESIGN  CONCLUSIONS 

1.  Variables  .Affecting  Temperatures. 

Temperatures  within  the  hangar  are  affected  by  many  variables  or  uncertainties,  such 
as: 

(1)  Variable  internal  heating,  variable  external  heating  due  to  local  variations  in  earth 
albedo  and  infrared  reradiation  as  well  as  variations  in  the  time  spent  in  sunlight 
as  the  earth  progresses  about  the  sun. 

(2)  Uncertainties  and  degradation  of  thermal  coating  properties. 

(3)  Variation  of  polyether  foam  conductivity  due  to  outgassing. 

(4)  Air  circulation  r  lie  •  trie  hangar. 

(51  Computational 

Achievement  o!  a  "  environment  within  tne  hangar  with  its  narrow  tempera¬ 
ture  band  would  requii  tne  thermal  control  system  of  the  basic  vehicle,  or  a  fairlv 

sophisticated  hangar  ;  urol  system  which  would  be  inconsistent  with  the  concept  of  a 

simple,  erectable  sfe  ■ . Trial  control  coatings  will,  however,  maintain  internal  tem¬ 
peratures  at  a  level  ci  '  with  reliable  equipment  operation,  and  suitable  for  human  habi¬ 
tation  with  protective  >  g.  A  typical  temperature  hand  within  tne  hangar  may  be  25°F  to 

!00°F.  Variations  ..  rnal  temperature  as  the  hangar  passes  through  the  day -night  cycle 
mav  be  approximately  il0°F.  although  the  external  surface  temperature  variation  mavf  eap 
proximatelv  tl50'!F. 

2.  Selection  of  Optimum  Thermal  Coatings. 

Selection  of  the  optimum  combination  of  external  surface  thermal  coatings  depends  upon 
the  following 

3< 


(1)  Type  of  micrometeorokl  protection  system. 

(2)  Orbital  inclination  with  respect  to  the  ecliptic 

(3)  The  internal  temperature  desired 

(4)  Considerations  involving  the  attached  vehicle  thermal  control  system  if  utilized  for 
hangar  thermal  control. 

The  optimum  coating  properties  generally  will  not  correspond  to  a  single  coating,  and 
may  require  the  combination  of  2  or  more  coatings  by  striping  or  other  means. 

Preferred  thermal  control  coatings  for  the  inflated  section  external  surface  are: 

(1)  Aluminized  Mylar  (or  similar  substrate) 

(2)  SiO  on  aluminized  Mylar 

(3)  Aluminized  silicone  white  paint 

Preferred  for  the  conical  segment  external  surfaces  art-  zinc  oxide  pigment  '  i  methyl  silicone 
elastomer  white  paint,  black  ,  aint,  and  bare  metal.  All  internal  surfaces  and  the  interfaces 
between  the  double  wall  of  the  conic  .>1  segment  should  oe  covered  with  the  zinc  oxide  pigmented 
white  paint.  Black  paint  is  also  accep.aoU  o.  live  interfaces.  Redefinition  of  the  optimizing 
condition  may  alter  the  combination  of  coatings  required,  but  not  the  coatings  Different 
coatings  are  generally  required  on  the  cylindrical  and  end  portions  of  the  inflated  structure 
and  conical  segment  due  to  variations  in  local  heat  fluxes.  The  variations  cause  local  hot 
spot  temperature  problems  which  can  be  alleviated  by  judicious  selection  of  thermal  coatings. 

All  thermal  coatings  described  are  currently  state  !  the  art  with  the  possible  excep¬ 
tion  of  the  aluminized  silicone  white  paint,  which  has  not  been  prom  >.*r  in. Mated  structures. 
Since  the  elastomer  base  is  similar  to  that  of  the  proven  zinc  \:de  pigmented  paint,  no  diffi¬ 
culties  are  anticipated. 

J.  Model  Selection 

The  choice  of  micmmeti  ">roid  protection  systems  wit!  probably  he  ma  te  or  criteria 
other  than  thermal.  Either  selection  is  acceptable  'hermailv.  A  "-iuht  preterm ce  is  shewn 
for  the  1-inch  system  due  to  its  versatility.  With  a  zinc  oxide  pigmented  white  paint  u>r  buck 
on  the  outer  laminate  and  i  mper  wall  interfaces. this  model  is  less  affected  t>>  internal  heat¬ 
ing.  With  reflective  coating  or.  it..  interlaces.  th*s  nude!  th.erma'.lv  resembles  the  2- inch 
model. 

It  is  recommended  that  this  analysis.  !><•  relir.ec1  in  in*-  r-’wl  pm<  r.t  and  design  stage  al 
subsequent  hangar  contracts,  utilizing  information  which  should  thin  be  av  alia:  !•  -v.  internal 
heai  loads,  required  personnel  environments,  and  ■•-rl  .tal  launch  data  ••idair.  d  t  v  t he  use  : 
this  study  and  mission  analyses.  Development  and  testing  <>•  the  alum  ms  zed  sib..  >•;  whit* 
paint  on  inflated  surfaces  should  be  accomplished  at  the  earliest  jqs-rvu"  •!■, . 


SECTION  vra 


STRUCTURAL  ANALYSE 


A.  GENERAL 

Structurally  the  hangar  consists  of  three  primary  components: 

(1)  Cylinder.  Composed  of  longitudinal  fabric  straps  and  high  strength  steel  wire  cable 
hoops. 

(2)  Isotensoid  End  Closure.  Having  only  meridional  stresses  carried  by  flexible  car¬ 
bon  ste?l  cables. 

(3)  Conical  Frustum.  Connects  the  cylinder  and  end  closure. 

In  addition  to  the  connections  required  for  the  primary  structural  components,  a  fabric  bladder, 
a  clam  shell  frame  that  facilitates  opening  of  the  end  closure,  and  a  split  ring  at  the  apex  of 
the  end  closure  required  for  termination  of  the  meridian  cables  also  must  be  considered. 

For  this  preliminary  design  phase,  the  structure  has  been  analyzed  for  internal  pres¬ 
surization  only.  No  external  loadings  such  as  angular  accelerations,  docking  forces,  etc. , 
have  been  considered.  For  the  design,  only  the  internal  operating  pressure  of  5  psi  and  a 
proof  test  pressure  of  10  psi  were  considered.  This  structural  analysis  is  based  upon  the  two 
loading  conditions. 

The  factor.,  of  safety  applied  to  the  5  psi  pressure  loading  are  3  for  the  metal  and  5  for 
the  fabric  components.  Therefore,  the  corresponding  factors  of  safety  for  the  10  psi  proof 
pressure  become  1.5  for  metal  and  2.5  for  fabric  components. 

B.  ISOTENSOID  END  CLOSURE 

The  inflated  er.d  closure,  or  dome,  is  designed  as  an  isotensoid  surface  of  revolution. 
These  surfaces  are  used  extensively  in  the  filament  winding  of  p.  essure  vessels,  rocket  cases, 
etc.  High  strength-tn-weight  ratios  result  since  a  nearly  uniform  factor  of  safc-tv  is  achieved 
throughout  the  i>odv  due  to  the  constant  stresses  in  the  filaments. 

in  the  problem  at  hand,  the  particular  isotensoid  surface  chosen  is  that  generated  in  a 
meridian  curve  of  the  equation,  using  coordinates  as  shown  in  Sketch  (  A>. 

\  -  v  sir,  o  1 20 

Commonly  referred  to  as  Taylor's  curve,  the  equation  provides  constant  tension  in  the  inert  - 
d,  -al  structural  elements  and  also  yields  zero  circumferential  'tresses  everywhere  This 
mav  be  shown  bv  summarizing  the  original  proof  as  giver,  m  Reference  1.  Taking  equilibrium 
■’R  ?h;-  element,  xdz.  osrc  dx.  as  shown  in  Sketch  (Bi 

F>  rces  norma!  t«»  the  axis  of  rotational  symmetry  lead  to 


o  f  c 

to  c“5  »•»  *  cos?  ' 


F  -rces  parallel  to  the  axis  -f  symmetry  lead  to 
d*  IU;xsinc!  1  P* 


12 


4! 


Sketch  (A) 


Sketch  (B i 
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Operating  on  the  left-hand  sides  of  Equations  (21)  and  (22)  facilitates  writing  them  in  the  form, 

(23) 


,  d  cos  0  .  d  (fmx)  fc 

fmx  — sr  +  cos  *  — =  • px  tan* 


.  d  sin  0  .  .  d  (fmx^ 

fmx  +  sln  ^  35“  - 


dx  T  D“‘  v  doT  "  px 
Multiplying  Equation  (23)  by  cos  0  and  Equation  (24)  by  sin  0  and  then  adding  gives, 


(24) 


dx  ^mx)  =  ^c  (25) 

If  fc  is  now  stipulated  to  be  zero,  from  Equation  (25),  it  follows  that, 

fmx  =  Constant  (26) 

Integrating  Equation  (22)  and  from  Equation  (26),  yields  the  condition, 

rSrfr  =  Constant  (27) 

Finally  from  the  boundary  condition,  when  x  =  Xj,  0  =  u/2,  the  equation  of  the  Taylor’s  curve 
is  obtained, 

px2  =  P^t2 
2  sin  0  2 

x  =  xt  /sin  o 


An  alternate  approach  to  show  that  fc  =  0  is  to  use  two  equations;  one  considering  the 
dome  as  a  whole  and  taking  static  equilibrium  parallel  to  its  axis  and  the  other  is  the  well- 
known  membrane  equation  (Reference  6). 

Static  equilibrium  parallel  to  the  axis  of  symmetry  gives 


2ffxfm  sin  0  =  p  7T  x^ 

f  =  _  px 
m  2  sin  0 

The  membrane  equation  is 

fm  fc 
+  P- 


(28) 


(29) 


where  pm  and  pc  are  the  meridional  and  circumferential  principal  radii  of  curvature  respect 
ively  and  are  derived  from  geometry  as 


Pm  = 


ds  _  _ ox _ 

d0  ”  cos  0  d0 


yt  cos  ft 
cos  0  ?  vain  0 


-c,f»  w  I x' >/^ 


2  vTln  0 


(30) 
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*  v^oin  0 

Substituting  Equations  (28),  (30)  and  (31)  into  Equation  (29)  and  solving  for  fc  yields 

fc a  p  pc  ■  tht  *m  *  '  *  [ri&?l 


v/sln0  *  ^  »in  0 


'  sin  0  (by  Equation  20).  Therefore, 


C  "  v/siiT0 

The  Taylor's  curve  as  given  by  Equation  (20)  is  difficult  to  plot.  However,  it  may  be 
expressed  in  cartesian  coordinates  by  means  of  elliptic  functions  which  have  been  tabulated. 
The  mathematics  involved  in  the  conversion  are  not  shown  herein  but  are  given  in  Reference 
1.  Tables  of  the  resulting  cartesian  coordinates  at  various  points  along  the  curve  are  pre¬ 
sented  in  References  1  and  7.  The  values  from  Reference  7  were  used  in  determining  the 
shape  of  the  end  closure  as  shown  in  Figure  1.  The  coordinates  in  terms  of  the  major  semi¬ 
axis  and  the  tangency  cut-off  point  are  shown  in  Table  I.  The  tangent  to  the  curve  is  parallel 
to  the  transition  conical  frustum,  e.  g. 

-5--0o  =  «  (33) 

1.  Meridional  Cables 

The  structural  elements  ...  the  domr  are  N  =  480  meridional  cables.  These  are  1/16- 
inch,  7x7,  flexible  carbon  steel  cables  having  an  ultimate  tensile  strength  of  F{U  =  480  lb 
(Reference  8). 

Since  the  cable  spacing  is  2jtx/N,  the  load  in  each  cable  is  (refer  to  Equation  28): 

T»  ■  t-  •"  *  (M> 

By  considering  Equations  (34)  and  (27)  it  is  evident  that  the  cable  tension  is  constant  every¬ 
where. 

Substituting  the  following  values  into  Equation  (34), 

x  *  x0  ■  47. 75  in. 


0  »  0O  *  -y  -  0  *  75°,  sin  0O  *  0. 96593 


N  *  480 


(47.75)** 
(480) (0.96593) 


15.40  in. 
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Table  I.  Coordinates  o f  the  Zero  Circumferential  Stress, 
Isotensoid  Meridian  Dome 


0 

Unit  Coordinates 
?rom  Reference  7) 

X 

y 

$  (Degrees) 

0 

0. 59907 

0.0 

0.1 

0.59875 

0. 573 

0.2 

0. 59640 

2. 292 

0.3 

0.  59005 

5.164 

0.4 

0.57762 

9.207 

0.5 

0.  55683 

14.478 

0.6 

0,  52494 

21.100 

0.7 

0.47806 

29. 341 

0.8 

0.40946 

39.792 

0.9 

0. 30296 

54.096 

1.0 

0.0 

90.0 

Cut-Off  Iteration 

0.96 

0. 19666 

0.97 

0.17104 

... 

0.98 

0. 14024 

... 

0.98282 

0. 12877 

75.0 

0. 99 

0.09958 

78.  55 

For  the  design  limit  pressure  of  5  psi  and  using  a  factor  of  safety  of  F.  S.  =3  applied  to  the 
ultimate  cable  strength,  the  margin  of  safety  is 

M,S-  =  (F.S.MTm)  '  1  =  (3)  (5H15.40)  *  1  =  +  1,08 

The  above  calculation  assumes  that  the  cable  can  develop  100  percent  of  its  ultimate 
strength  in  this  application.  A  reduced  cable  efficiency  of  90  percent  will  be  applied  because: 

(1)  There  is  a  small  bend  radius  of  0. 156  inch  at  the  loops  located  on  the  large  ring 
of  radius  x0. 

(2)  There  may  be  kinks  induced  in  the  cables  during  deployment. 

The  calculation  is  based  on  the  results  of  preliminary  tests  of  flexible  carbon  and  flexible 
corrosion  resisting  steel  cables  which  were  subjected  to  "hard"  kinks  and  yielded  90  and  75 
percent  efficiencies,  respectively.  The  reduced  margin  of  safety  is  then, 

M.S.  =  (2.08)  (0.9)  -  1  =  +0.87 
2.  Cable  Connection  Test  Results 

A  4-1/2  x  3  x  1-1/4  inch,  4130  steel  piece  (shown  in  Sketch  C)  was  machined  to 
the  cross  section  of  the  ring  and  then  heet  treated  to  Ftu  *  150  ksi.  Because  of  the  inferior 
test  specimen  (the  pin  was  inserted  on  an  angle  as  shown),  there  was  a  nonuniform  load  dis¬ 
tribution  due  to  the  resulting  variable  cable  lengths.  Therefore,  one  loop  (two  cables)  located 
on  the  short  side  failed  prematurely  at  a  total  axial  load  of  10,900  lb.  The  remaining  14 
loops  then  failed  simultaneously  at  a  total  axial  load  of  12. 600  lb.  Since  the  breaking  strength 
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Sketch  (C) 


AXIAL  LOAD 


is  given  in  Reference  8  as  480  lb  per  cable,  this  corresponded  to  an  efficiency  of  93. 75  per¬ 
cent.  In  addition,  no  yielding  of  the  Klrksite  matrix  or  of  the  fitting  was  observed.  The  test 
results  are  considered  to  be  an  adequate  verification  of  the  strength  of  this  fitting. 

C.  ACCORDION  FABRIC  CYLINDER 

The  cylinder  Is  composed  of  N  =  244  longitudinal  fabric  straps  that  are  unsupported  in 
the  circumferential  direction.  They  are  alternately  laced  to  a  series  of  hoop  cables  of  two 
different  diameters,  thus  forming  an  unloaded  accordion  shape  (see  Figure  1). 

Since,  under  the  operating  and  proof  pressures  of  5  and  10  psi  respectively,  the  straps 
take  large  deflections,  the  deflected  shape  must  be  determined  in  order  to  calculate  the  fabric 
stresses  and  the  hoop  cable  loads. 

Preliminary  investigation  showed  certain  geometric  constraints.  Since  the  flexible  hoop 
cables  can  resist  radial  tensile  loads  only,  and  since  the  inner  diameter  and  the  length  ot  the 
cylinder  are  prescribed,  there  exists  a  maximum  allowable  diameter  of  the  outer  hoop  cables 
for  which  they  will  remain  in  tension.  The  design  approach  is  to  first  omit  all  the  outer  hoop 
cables  and  to  determine  the  nonextensible  shape  (the  shape  that  the  cylinder  takes  at  very 
low  Inflation  pressures  since  the  stretch  of  the  fabric  is  taken  as  zero).  The  outer  hoop  cables 
are  then  placed  on  this  deformed  shape  at  the  desired  locations  as  dictated  by  packaging  con¬ 
siderations.  The  extensible  shape  of  the  cylinder  is  next  calculated  for  both  the  operating  and 
the  preof  inflation  pressures. 

1.  Nonextensible  Shape 

Since  this  shape  is  independent  of  the  magnitude  of  the  inflation  pressure  and  since  the 
straps  are  laterally  unsupported,  only  one  strap  under  a  general  uniform  load,  w,  need  be 
considered. 

Assume  the  load  is  uniformly  distributed  so  that  the  deformed  curve  is  an  arc  of  a  circle. 
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Sketch  (D) 


For  static  equilibrium, 

p 

r  cos  8  =  — 
w 

From  geometry,  shown  in  Sketch  (D), 
r  sin  0  =  ~y 


From  Equations  (36)  and  (37), 

*  -  “-I  if 

But, 


F  = 


_n_ 

N 


P  ri2 


And,  as  a  first  approximation, 


From  Equations  (39)  and  (40),  y 


_2_ 

ri 


Substituting  Equations  (41)  into  (38)  yields, 

8  *  tan"1  -  — 
fi 

It  then  follows,  from  equation  (37),  that 

e 

r  2  sin  8 

.  M cos  8) 


r0  -  r«  »  r  (1  -  cos  8) 


Using  the  desired  inner  hoop  radius  and  spacing,  rj  and  L  ,  determine  8  from  Equation 
(42),  and  determine  r0  from  Equation  (43).  A  second  approximation  of  the  distributed  load  is, 

wsJp(rl  +  r0)  (44) 

and, 


w 

F 


r  t  +  r0 


Substituting  Equations  (45)  into  (38)  yields 


0  ■  tan'* 


l  (fj  +  r0) 
2rj2 


(45) 


(46) 


Determine  a  second  value  of  6  from  Equation  (46)  and  determine  a  new  r0  from  Equation 
(43).  A  third  value  of  0  is  then  determined  from  Equation  (46)  and  the  process  is  repeated  un¬ 
til  the  value  of  rG  is  stabilized.  The  nonextensiblc  arc  length  that  the  cylinder  is  fabricated 
to  is  then  2r8  with  the  value  of  r  determined  from  Equation  (37). 

The  outer  hoop  cables  are  now  placed  upon  this  nonextensihle  shape  as  shown  in 
Sketch  (E): 


Sketch  (E) 


k2  is  established  by  packaging  considerations. 
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From  geometry, 

0*9-1- 

z  *  r  (1  -  cos  9)  -  r  (1  -  cos  0 )  *  r  {cos  0  -  cos  9) 

=  r  {cos  J  0  -  -X  |  -  co &0  |  =  r  |  jcos  -X-  1 J  cos  9 

+  sin-X  sin  6  } 

y2  -  x2  =  z2 

(kj  -  y)2  -  (x  +  k2)^  =  z2 

Equate  (49  and  50).  (kj  -  y)2  -  y2  -  (x  +  k2)2  ♦  x2  =  0 

kj2  -  2ki  y  -  k22  -  2k£  x  =  0 

_  kt2  -  •t22  -  2ki  y 
X  - 2^ - 


(47) 


(48) 

(49) 

(50) 


(51) 


From  Equations  (48)  and  (49), 

x2  =  y2  .  z2  _  y2  .  r2  |  jros  X  -  ij  cos  9  +  sin-X  sin0  ^  (52) 

Assume  values  of  y  and  plot  x  versus  y  for  both  Equations  (51)  and  (52).  The  intersec¬ 
tion  of  the  curves  gives  the  proper  values  of  x  and  y.  Using  these  values,  z  is  found  from 
Equation  (49),  and  the  outer  hoop  cable  radius  is 

roc  =  rt  +  z  (53) 

The  calculations  are  not  shown,  but  the  cylinder  values  are  given  as  follows: 


r  *  49.  7  in. 
N  =  244 
r|  *  44.  5  in. 
r0  *  52.0  in. 
roc  *  51.0  In. 
9  «  31.55° 

J  *  0.03° 
x  ■  25  in. 
y  *  25.9  in. 
K2  *  3  In. 

K|  *  54.7  In. 
z  *6.5  in. 


2.  Extensible  Shape 

a.  Experimental  Load -Deflection  Data.  Since  lighter  webbing  was  not  resdlly  available 
early  in  the  program,  two  test  spec*.  *na  of  3600  Ib/Dacron  webbing  were  loaded  in  a  univer¬ 
sal  testing  machine  with  elongations  measured  manually  between  gage  marks  on  the  specimens. 
The  measured  elongations  are  recorded  in  Ttble  R  with  their  respective  load  levelc  and  the 
calculated  moduli  of  elasticity.  The  load-deflection  data  is  also  shown  In  Figure  11  including 
a  sketch  of  the  test  specimen. 
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UNIT  ELONGATION,  V 4  On./ In.) 


flfttr*  li. 


Load  Deflection  Data  (or  the  Dacron  Straps 


Table  EL  Results  of  Dacron  Strap  Testa 


Spec 

No. 

Load 

(Lbs) 

Incr 

Load 

(Lbs) 

Length 

(In.) 

Elongation 

(In.) 

Incr 

Elongation 

(fa.) 

Unit 

Elongation 
(fa.  /fa. ) 

Incr  Unit 
Elongation 
(fa.  /fa. ) 

Tangent 
Modulus 
Et  (Lbs) 

Secant 
Modulus 
Eg  (Lbs) 

1 

D 

— 

14.25 

0 

---- 

Bill 

700 

.... 

.... 

1.8125 

0.1272 

5503 

700 

ca 

16.0625 

1.8125 

---- 

0.1272 

5503 

— 

m 

---- 

.... 

0. 1875 

---- 

0.01316 

3799 

750 

16.25 

2.00 

---- 

0.1404 

5342 

b 

1750 

—  - 

.... 

1.9375 

...» 

0.13596 

12871 

H-M*! 

— 

18.1875 

3.9375 

---- 

0. 2763 

B 

780 

.... 

0.4375 

0.03070 

25407 

3200 

... 

4.375 

1  _ 

0. 3070 

— . 

---- 

10684 

2 

a 

13.50 

m  m  ^ 

— 

700 

---- 

St*- 

1.6875 

0.1250 

5600 

700 

— 

15.1875 

E'.  .  ‘'’Ss 

■ 

mmmm 

•  ••• 

— 

50 

— - 

1 

0.0625 

---- 

10799 

mmmm 

750 

— 

15.25 

0.1296 

5787 

— 

1750 

.... 

IfesflilB 

1.6875 

.... 

;  0.125 

14000 

— 

16.8375 

3.4375 

.... 

0.2546 

9819 

— 

840 

.... 

0. 5*25 

• 

0.0417  i 

3340 

: 

17.5 

Wm 

0.2963 

-v:  i 

1 

l 

11272 

b.  Section  Analysis.  The  initial  geometry  is  that  of  the  ncnextensible  case 

(1)  Left-Hand  Lobes.  First  consider  the  extensible  deter  mat  ions  cf  the  short  are  of 
initial  length,  y,  between  the  inm  -  and  the  outer  hoops,  in  tiketch  (F),  the  dashed  haes  and 
the  solid  lines  represent  the  initial  acl  the  deormed  geometry  respectively. 

Given: 


w  »  ^  (rj  ♦  r0) 

vr  rj  *  rQ 

F  *  2 

rl 

r#  *  r 

The  Initial  strap  tensions  for  5  and  10  psi  are 
T5  *  *5  r0 

(S4i 

Tjo  *  1TS 

The  corresponding  strains  are  1 5  and  « ,0  respectively.  The  stretched  s  rngth-  are  then 
«ryy)5  -  y  (1  •  <5) 

CSS) 

2(ry  y)|Q  ■  y  (1  ♦  tip) 


Reference  Equation  (44)) 
'Reference  Equation  (45)) 


S! 
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Substituting  for  ($  -  ( )  and  for  ry  from  Equations  (58)  and  (55),  respectively,  into  Equation 
(59)  yields, 

"" (“ - >■  ’s  =  sln[JT£]3lM  •3I7*k«57&7 

sin  (a  -r),o  s  y{i  +r«,0)  =  K«10 

Eliminating  y  from  Equations  (60)  and  (61)  yields, 
sinC-C.so •«>  •  >V,*  j-fShj-  '“> 


Let 


A  =  C(  cos  a 

(63) 

Equation  (62)  then  becomes 

■l-(“  i,'K<  stx 

(64) 

Using  factors  of  safety  of  5  on  the  working  pressure  (5  psi)  and  2-1/2  on  the  proof  pressure 
(10  psi),  the  corresponding  strains  from  Figure  11  are  £5  =  0.07  and  e  jq  =  0.12.  Using 
these  strains  and  values  from  the  nonextensible  shape,  values  are  determined  for  C<  and 
from  Equadors  (60)  and  (61)  respectively.  Then  a  is  determined  from  Equations  (63)  and 
(64)  by  trial  and  error  using  tables  of  the  sin  A/A  functions.  The  calculations  are  not  shown, 
but  the  values  of  a  and  the  strap  tensions  are  given  as  follows: 

o5  =  40. 360 
o10  =  40.37° 

T5  =  w5(ry)5  =  132  lb 

Tio  *  "lo^yho  *  264  lb 

The  force  that  is  transverse  to  the  plane  of  the  cuter  hoops  and  ties  the  left  and  right-hand 
lobes  together  ;s  denoted  F2  and  is  determined  as  follows  in  sketch  (G): 

For  5  psi, 

F2  =  132  cos  1.86°  =  132  lb. 

For  10  psi, 

F2  =  264  cos  0. 13°  =  264  lb. 

(2/  Right-Hand  Lobes.  The  remaining  part  of  the  repeating  sections  tc  be  analyzed  is 
the  long  arc  of  initial  length,  (kj  -  y), using  Sketch  (H). 

Proceeding  In  a  similar  manner  to  that  used  for  the  left-hand  lobes,  the  strap  tensions 
are  determined.  The  tensions  are  given  as  follows: 

05  =  6.50° 
e10  =  8.43° 

T5  =  W5  (ry)5  *  133  lbs 
^  10  s  wlo(fyhO  s  267  lbs 


The  maximum  tension  for  ar.  Inflation  pressure  of  5  psi  is  thus  133  lb  in  the  right  hand  lobes 
of  the  straps.  For  a  factor  of  safety  of  5,  the  required  strap  strength  is  665  lb. 

The  force  that  is  transverse  to  the  plane  of  the  outer  hoops  and  ties  the  left  and  right- 
hand  lobes  together  is  F2  and  is  given  as  follows: 

For  5  psi, 

F2  =  133  cos  6. 50°  =  1321b. 

For  10  psi, 

F2  =  267  cos  8.43°  =  264  lb. 

These  values  are  in  agreement  with  those  for  the  left-hand  lobe. 

3.  Analysis  of  Hoop  Cables 

Each  hoop  cable  is  composed  of  n  strands  of  0.080-inch  diameter  steel  wire.  The  mini 
mum  ultimate  tensile  strength  is  F^u  =  282  ksi  as  specified  in  MIL-W-470.  The  minimum 
ultimate  tensile  load  per  etrand,  as  based  on  the  specified  diameter  variation  of  ±0.001  in. , 
is  therefore, 

Ttu  =  -2—  Ftu  =  —-(0.079)2  (282  x  103)  =  1382  lb. 


A  factor  of  safety  of  3  will  be  used  on  the  operating  pressure  loading  of  5  psi. 

The  cable  tension  is  simply  Tc  *  PR  where  R  is  the  radius  of  the  cable  and  P  the  radial 
loading.  Letting  the  subscripts  l  and  r  denote  the  left  and  right-hand  straps  that  are  connected 
to  a  hoop,  the  radial  hoop  loading,  for  N  straps,  is  given  by 

P  =  (T^  sin  a  £  +  Tr  sin  er)  y— ~  lb  /in.  (66) 

and 

Tc  =  (T^  sin  Qg  +  Tr  sin  or)  ~  -  lb  (67) 

For 

N  =  244,  Tc  =  38. 8  (T ^  sin  +  Tr  sin  ar)  (68) 

Taking  the  values  for  T  and  a  from  the  extensible  shape  discussion,  the  inner  and  outer  cable 
loads  and  the  corresponding  margins  of  safety  based  on  factors  of  safety  of  3  for  the  5  psi 
operating  load  and  1.  5  for  the  10  psi  proof  pressure  are  determined  in  Table  m. 

Investigation  of  the  wire  termination  details  she  ■-  that  all  the  coils  in  the  cables  will 
not  be  effective.  Since  the  cables  are  wrapped  every  12  inches  it  is  doubtful  that  even  100 
percent  of  the  effectiveness  of  the  last  coil  will  be  lost.  However,  to  be  conservative,  arbi¬ 
trarily  let  20  percent  of  the  coils  in  each  cable  be  100  percent  ineffective.  Then,  the  minimum 
margins  of  Table  m  are  reduced  to, 

30  coil  cable,  M.S.  *  (2.0)  -  1  =  +0.6 


5  coil  cable,  M.  S. 


(2.9)  -  1  -  +  1.3 


Table  m.  Hoop  Cable  Loads  and  Margins  of  Safety 


Cable 

P 

(psi) 

n 

"Ttu 

(Lb) 

“/ 

(Deg) 

°r 

(Deg) 

T/ 

(Lb) 

1 

H 

M.S. 

Inner  Cable 

5 

40.73 

40. 36 

133 

132 

6,684 

+1.0 

30 

41,460 

10 

41.03 

40. 37 

267 

264 

13,436 

+1.0 

Outer  Cable 

5 

1.86 

6.50 

132 

133 

750 

+2.0 

5 

6,910 

10 

0.13 

8.43 

264 

267 

1,542 

+1.9 

4.  Bladder 

The  specified  ultimate  tensile  strength  and  breaking  elongation  as  supplied  by  the  G.  T. 
Schjeldahl  Co.  for  the  X660  cloth- laminate  bladder  are, 

Warp  direction,  Ftu  =  64  lb/ in. ,  <u  =  22  percent 

Fill  direction,  Ftu  =  72  lb/ in.,  «u  =  29  percent 

Since  the  bladder  must  span  between  meridional  cables  in  the  end  closure  and  the  fabric  straps 
in  the  quasi-cyiindrical  part  of  the  shelter,  the  maximum  allowable  spacing,  /,  between  these 
elements  will  be  determined.  Consider  a  one  inch  wide  strip  of  the  initially  flat  bladder  to  de¬ 
form  into  a  circular  arc  under  the  ultimate  inflation  pressure  as  shown  in  Sketch  (I). 

Sketch  (I) 


By  equilibrium, 

Ftu  =  Pur 

(69) 

From  geometry, 

2  r  9  *4(1  +  €u) 

(70) 

2  r  sin  9  *4 

(71) 

Substituting  the  first  two  terms  of  the  sin  0  series  and  solving  Equations  (69),  (70)  and  (71)  for 
L  yields, 


/ 


2  ^  I  «<u 

Pu  (1  +  «u)  V  1  +  «u 


(72) 
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Substituting, 


pu  =  (F.  S. )  (p)  =  (5)  (5)  =  25  psi 
Ftu  =  64  lb/ in. 

«u  *  0. 22  in.  /in. 

/  =  *  4. 197  J  1.0820  =  (4. 197)  (1. 0405)  =  4. 37  in. 

The  maximum  strap  spacing  occurs  at  the  attachment  to  the  support  ring.  The  cc  spac¬ 
ing  between  fittings  is  4. 263  in.  Since  there  are  two  loops  (4  straps)  between  fittings,  one 
loop  failure  still  allows  a  positive  margin  of  safety  on  the  bladder,  i.  e. , 

m  s-  ■  Hk-1  -*0  02 

Similarly,  if  3  loops  (6  meridional  cables)  fail  in  the  end  closure  the  bladder  must  span  4.008 
inches  and  the  resulting  margin  of  safety  is 


4.008 


-  1  =  +0.09. 


SECTION  IX 

MATERIALS  SELECTION 


A.  INTRODUCTION 

The  composite  material  construction  described  was  selected  as  most  suitable  for  a 
space  maintenance  hangar.  The  candidate  composite  wall  construction  provides  materials 
that  have  exceptionally  good  properties  of  low  specific  weight  (0.600  lb  /sq  ft),  impermea¬ 
bility  to  gases,  resistance  to  solar  and  ultraviolet  degradation,  low  surface  vaporization  due 
to  the  effect  of  a  space  vacuum.  All  are  nontoxic.  Based  on  this  investigation,  polymeric- 
type  films,  foam,  fibers  and  elastomer  materials,  and  certain  ferrous  and  nonferrous-type 
materials,  were  selected  for  construction  of  the  hangar  composite  structure.  Materials  se¬ 
lection,  testing,  and  fabrication  techniques  described  were  developed  under  in-house  company 
funded  programs.  The  results  of  this  in-house  effort  as  it  applies  to  this  contract  effort  are 
presented. 

B.  COMPOSITE  MATERIALS  SELECTION 

1.  General 

The  lay-up  construction  of  the  composite  structure  utilized  in  the  hangar  fabrication  is 
shown  schematically  in  Figure  12  and  the  materials  used  in  the  manufacturing  were  as  follows: 

(1)  Thermal  Control  Layer  -  Pigmented  Silicone  Paint 

(2)  Outer  Cover  Laminate  -  Nylon  Cloth  (Travis  Mills  Style  5096),  Polyester  Adhesive 
(G.  T.  Schjeldahl  Company  GT-201),  Capran  Film  (Allied  Chemical  Type  77-C) 

(3)  Polyester  Adhesive  Binder  Layer  (Typical)  -  Vitel  PE-207  (Goodyear  Tire  and 
Rubber  Company) 

(4)  Micrometeoroid  Barrier  -  2-inch  thick  polyether  foam  (Nopco  Cnemical  UU-15) 

(5)  Structural  Layer  -  Longitudinal  Straps  of  Dacron  (Bally  Ribbon  8674),  Meridional 
Cables  of  1/16  Diameter  Carbon  Steel  Cables 

(6)  Structural  Layer  Binder  Adhesive  -  Topolic-Type  Polyurethane  (Goodyear  Tire 
and  Rubber  Company) 

(7)  Pressure  Bladder  Foam  Layer  -  0.070-lnch  thick  PVC  Foam  (Great  American 
Industries  Rubatex  R-313-V) 

(8)  Pressure  Bladder  Nylon  Cloth  -  Nylon  cloth  (Burlington  Style  1632) 

2.  Pressure  Bladder 

As  shown  in  Figure  12,  a  triple- seal  gas  pressure-bladder  concept  is  utilized  for  con¬ 
struction  of  the  hangar  structure.  Qualification  testing  of  the  pressure- bladder  component 
demonstrated  the  basic  material  to  be  more  than  adequate  for  the  design  leakage  requirements. 
Both  the  nylon  cloth  and  film-cloth  laminated  fabric  provides  excellent  flexibility  with  a  high 
strength-to-weight  ratio  cloth  and  a  low  modulus  film  gas  barrier,  while  the  closed  cell  Vinyl 
toam  provides  a  cushioned  layer  for  puncture  protection.  Excellent  ply- adhesion  strength  is 
obtained  with  the  polyester  adhesive- layer,  with  foam  tear  occurring  on  separation  of  the 
layers.  Physical  properties  (or  the  pressure  bladder  composite  and  component  materials 
are  shown  in  Table  IV. 
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Figure  12.  Schematic  -  Composite  Wall  Structure 


Table  IV.  Physical  Properties  -  Pressure  Bladder 


Material 

Property 

Nylon  Cloth  (Travis  5096) 

Weight,  lb  /It2 

0.0063 

Breaking  Strength,  lb  /in  -  warp/fill 

40/40 

Thickness,  Mils 

A  m 

4.  • 

Caprar.  Film  (Allied  Chemical  77-C) 

Specific  Gravity 

1.13 

Thickness,  Mils 

0.75 

Ultimate  Tensile,  psl,  MD 

8500-11,500 

TD 

7000-11,000 

Elongation,  Percent,  MD/TD 

300-400 

Tensile  Modulus,  psi,  MD 

90,000-110,000 

TD 

105,000-125,000 

Nylon-Capran  Laminate 

Weight,  lb  /It2 

0. 015  avg. 

Breaking  Strength,  lb  /in  -  warp/fill 

72.0/60.0  min 

Ply  Adhesion,  lb  /Inch 

4 . 0  avg. 

Thickness,  Mils 

6.75 

Nylon  Cloth  (Burlington  1632) 

Weight,  lb  /ft2 

0.015 

Breaking  Strength,  ib  'in.  -  warp,  fill 

140/91 

Thickness,  Mils 

4.7 

PVC  Foam 

Density.  PCF 

10.0-13.0 

Temperature  Resistance 

Low 

-10°F 

High  Continuous 

130°  F 

High  Intermittent 

200°  F 

Compression  Set  (ASTM  Method) 

Compressed  50%  -  22  hours  at  70°F 

50%  maximum 

Pressure  Bladder  Compost  e 

Weight,  lb  /ft2 

0. 1 26  avg 

Thickness,  Inches 

0.0925 

Ply  Adhesion 

Foam  Tear 

Pv'f'  ty.fOg),  5  psU.  lb  ft2 -24  hours 

1.0  x  10-4 

3.  Structural  Layer 

A  lay-up  construction  utilising  Dacron  fa*,  tc  longitudinal  straps  and  high-strength  steel 
wire  hoop  cables  was  selected  for  the  cylindrical  section,  and  flexible  cartoon  steel  meridian 
cables  for  the  end  closure.  Proper  positioning  o.  the  flexible  structural  elements  will  be 
maintained  by  impregnating  the  polyurethane  resin.  Qualification  testing  of  terminal  end  fit¬ 
tings  tor  both  the  Dacron  straps  and  meridian  cables  were  conducted  to  demonstrate  design 
efficiency.  Physical  properties  of  the  flex&le  structural  elements  are  shown  in  Table  V, 
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Table  V.  Physical  Properties  -  Flexible  Structural  Elemerts 


Material 

Pioperty 

Longitudinal  Fabric  Straps  (Bally  Ribbon  6874) 

Type 

Dacron 

Weight,  oz/linear  ya~d 

0.  29 

Gage,  inches 

0.0114 

Breaking  strength,  ib 

675 

Break  Elongation,  % 

27.0 

Hoop  Cables 

Type 

Steel  Music  Wire 

Condition 

Hand  E.awn 

Ultimate  Tensile,  psi,  minimum 

282,000 

Size 

0.080 

Specification 

MIL-W-470 

Weight,  lb  /100  ft 

1  68 

Meridian  Cables 

Type 

Carbon  Steel 

Condition 

Hand  Drawn 

Size 

1/18x7x7 

Specification 

MIL-W-1511 

Weight,  lb  /100  ft 

0.  75 

4.  Micrometeoroid  Barrier 

To  provide  the  penetration  resistance  as  determined  by  the  micrometeoroid  hazard  as¬ 
sessment,  2-inch  thick  flexible  polyether  foam  of  1.2  pcf  density  was  selected  (Figure  12'. 

The  poiyether  foam  provides  good  elastic  recovery  characteristics  for  the  exposure  conditions 
required  both  before  and  after  deployment.  Also,  exceptional  ply  adhesion  is  obtained  Jr,  bend¬ 
ing  to  the  other  substrates. 

5.  Cover  and  Thermal  Control  Coating 

An  inner  *c.d  outer  cover  fabric  (Figure  12}  of  the  same  film-doth  laminated  material, 
as  described  in  the  Prei  l  *  Bladder,  is  provided  to  encapsulate  the  entire  2-inth  thick  foam 
layer.  This  will  permit  preset*.  *zing  the  2- inch  foam  layer  for  enclosure  expansion,  and  will 
permit  exhausting  of  air  from  th  '>?*n  layer  prior  to  packaging,  where  required.  A  total  of 
4- mil  dry  thickness  coating  of  silicon.  binder  is  painted  on  the  outer  cover  surface  with  the 
proper  p lamenting  as  determined  in  the  supporting  analysis  (Section  VH)  for  thermal 

control. 

C,  FABRICATION  TECHNIQUES  AND  PROCESSES 

In  fabricating  the  enclosure  flexible  wall  structure,  each  c'.mpowmt  layer,  as  sh.wn  in 
Figure  i2,  is  built  up  layer- by- layer  starting  with  the  pressure  bladCer  on  a  partial  male 
mandrel.  The  polyester  adhesive  binder  layers  bond  U»  multiple -layer  pressure-bladder 
components  together,  bond  the  outer  cover  to  the  two-loch  iu*m  layer,  bono  the  structural 
layer  multiple  plies  together,  and  bond  the  structural  layer  to  bod.  the  two-inch  foam  layer 
and  the  pressure  bladder.  Thus  the  multiple  plies  arc  bonded  u*o  an  integral  and  homogen¬ 
eous  structure.  Physical  properties  tor  the  bonding  components  are  shown  in  Table  VI. 
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Table  VL  Physical  Properties  -  Bonding  Components 


Rem 

Polyester 

Polyurethane 

Code 

GT  and  R  PE-207 

GT  and  R  Topollc 

Type 

Thermoplastic 

Thermoset 

Tensile,  psi 

7800 

3000 

Percent  Elongation 

100 

480 

Specific  Gravity 

1.2 

1.1 

D.  MATERIALS  TEST  RESULTS  AND  EVALUATION 

1 .  General 

The  materials  selected  for  fabrication  of  the  hangar  composite  structure  were  based  on 
Goodyear  Aerospace  in-house  sponsored  development  programs. 

2.  Weight 

Actual  weighing  was  conducted  on  the  components  of  the  composite  structure  with  the 
following  average  weight  breakdown  results: 


Construction 

lb/  ft2 

Thermal  Control  Paint 

0.045 

Outer  Cover  Laminate 

0.015 

.Polyester  Adhesive 

0.027 

2-ir.ch  Pc'. ’/ether  Foam 

0.200 

Polyester  Adhesive 

0.027 

Laminated  Fabric 

0.015 

Longitudinal  Straps  (Incl.  Adhesive  Binder) 
Pressure  Bladder 

0. 145 

Nylon  Cloth 

0.015 

Polyester  Adhesive 

0.027 

0.070-lnch  PVC  Foam 

0.042 

Polyester  Adhesive 

0.027 

Laminated  Fabric 

0.015 

0. 126 

Total 

0.600 

■i.  Pressure  Tightness 

To  substantiate  gas  pressure  tightness  of  the  pressur  >.  bladder  component  material, 
permeability  of  samples  were  measured  on  Dow  gas  transmission  cells  in  accordance  with 
ASTM  procedures.  The  tests  were  conducted  at  hangar  deployment  conditions  of  room  tem¬ 
perature.  5  paia  pressure,  and  gas  atmosphere  of  100  percent  0}.  Permeability  tests  of 
"original"  samples  vs  samples  simulating  the  bladder  splice  joints  showed  only  negligible 
leak  rate  change.  Other  permeability  testa  were  made  under  the  following  sample  conditions 
with  the  leak  rate  at  pounds/foot*  -  24  hours 
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(1)  Original  Sample 

(2)  Creased  Sample 

(3)  Punctured  Sample  -  One  Side 


1.0  x  10"4 


1.1  x  10'4 

1.8 x  10-4 

4.  Structural  Integrity 

To  demonstrate  structural  integrity  of  the  flexible  structural  layer,  test  samples  of  the 
termination  Joints  were  made  and  tested  for  both  the  longitudinal  straps  and  meridian  cables. 
Two  Dacron  strap  joint  samples  were  made  as  follows: 

(1)  4*1/2  Inch  sewn  seam  length 

(2)  6  point  cross  stitch 

(3)  8-10  stitches  per  Inch 

(4)  "F'  type  thread 

(5)  Sample  gage  length  =  11.0  Inches 
Results  of  the  two  tests  were  as  follows. 

Sample  No.  Ultimate  Lbs/Inch 

1  3980.0 

2  4030.0 

These  heavy  straps  were  tested  since  the  desired  weight  was  not  available  in  time  for  the  tests. 

One  sample  test  simulating  the  meridian  cables  apex  joint  was  made.  A  sample  encom¬ 
passing  16  complete  loops  oi  116x7*7  flexible  steel  cable  terminating  with  Ni  copress  fit¬ 
tings  and  set  in  a  steel  fitting  with  Kirkslte  was  made  All  strands  failed  under  an  ultimate 
tensile  load  of  12.  500  pounds 

5.  Temperature  Control 

To  substantiate  final  requirements  determined  by  the  thermal  analysis  tor  apace- stable 
thermal  radiation  properties  of  the  thermal  control  layer,  measu;  *ment  of  solar  abaorptance 
(aK)  and  infrared  emittance  (< )  will  be  made  before  and  after  UV  exposure  under  vacuum  con¬ 
ditions  with  Goodyear  Aerospace  test  facilities.  Tests  will  consist  of  exposing  the  thermal 
control  co*ting  specimen  to  simulated  solar  radiation  under  vacuum  fit  10‘7  torr  or  lower. 

The  aft  r»tio  and  t  will  be  calculated  from  specimen  data  using  radiometric  and  reflect  - 
ometcr  measuring  techniques. 

8.  Elastic  Recovery 

lime- load  tests  conducted  on  small  samples  of  the  micrometeorold  barrier  foam  layer 
were  used  to  ascertain  the  maximum  length  of  time  the  hai^ar  can  be  packaged  with  a  high  re¬ 
liability  of  elastic  recovery  when  unpackaged.  Figure  13  abows  the  recovery  characteristics 
of  the  foam  under  vacuum  conditions  and  for  varying  temperatures.  From  Figure  13  H  can  be 
seen  that  the  packaged  structure  must  be  insulated  against  extreme  cold  If  full  recovery  Is  to 
be  achieved. 

7.  Environmental  Effects 

Teste  ~n  the  composite  wall  material  and  Its  component  layers  under  vacuum  conditions 


Type  Failure 

At  Seam 
At  Seam 
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Table  VII.  Vacuum  Off-O-issing-  Composite  Wall  Materials 


Material 

1  Percent  Weight 
|  Loss 

Time  to  ; 
Stabilize 

i  Vacuum 

Level 

Total  Composite 

2.63 

40-Hrs 

10~8  mm 

Outer  Cover 

0.36 

1.5 

4  x  10’8 

2-Inch  Foam 

0.  39 

1.5 

4. 8  x  10'® 

Structural  Layer 
(Longitudinal  Straps) 

0, 12 

1.0 

lO"8 

Pressure  Bladder 

, 

6.3 

36.0 

O 

1 

c* 

were  used  to  evaluate  off-gassing  effects  on  the  material  physical  properties  (Table  VH).  An 
initial  off-gassing  is  encountered  resulting  from  boil-off  of  plasticizers  and  volatile  solvents, 
with  a  negligible  weight  less,  which  subsequently  levels  off. 

8.  Toxicity 

Tests  were  made  to  assure  that  no  toxic  by-products,  such  as  those  used  in  the  pres¬ 
sure  bladder  polymer  type  materials,  are  given  off  while  under  the  deployment  environment  of 
5  psia  O2  atmosphere.  A  survey  of  toxic  materials  known  to  be  used  in  the  pressure  bladder 
material  construction  was  made,  and  found  to  be  Toluene,  Xylene,  methylethyl  ketone  and 
Methylene  Chloride  solvents,  also  Toluene-diisocyanate  (TDfi.  Although  carbon  monoxide  was 
not  known  to  be  contained,  tests  for  It  were  also  included.  The  test  procedure  for  collecting 
traces  of  any  toxic  gases  was  to  place  the  test  material  in  a  pressure  vessel  that  was  evacu¬ 
ated  and  subsequently  pressurized  to  5  psia  with  O2.  The  test  material  was  exposed  for  24 
hours,  prior  to  chemical  analysis  of  the  toxic  gases,  and  all  were  found  to  be  below  the  thres¬ 
hold  limit  values  for  atmospheric  contaminants  established  for  occupational  exposure.  The 
values  as  determined  by  calorimeter-type  chemical  tester  or  mass  spectrometer  are  shown  In 
Table  VHT. 


Table  vm.  Threshold  Limits  for  Atmospheric  Contaminants 


Gases 

Test  Result 

Value 

(PPM)d) 

Threshold 

Limit  Value 
(PPM)1 (2) 

Toluene 

200.0 

200.0 

Xylene 

200.0 

200.0 

Methylethyl  ketone 

200.0 

200.0 

Methuiene  Chloride 

200.0 

500.0 

Toluene-diisocyanate 

0.01 

0.02 

Carbon  Monoxide 

25.0 

100.0 

(1)  Values  shown  are  minimum  sensitivity  values  of  instruments  used  in  testing. 
In  all  cases,  no  trace  of  contaminants  were  found;  therefore  proving  that  if 
there  were  minute  traces  of  contaminants,  concentration  is  below  threshold 
limit  value. 

(2)  American  Conference  of  Governmental  Industrial  Hygienists,  1963,  or  Na¬ 
tional  Bureau  of  Standards 


65 


SECTION  X 

CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

The  design  aspects  cl  a  space  maintenance  hangar  were  investigated  mi  practical  solu¬ 
tions  evolved  under  this  contract. 

The  particular  arrangment  generated  for  the  space  m&intenace  hangar  appears  attain¬ 
able  within  "  Trent  state  of  the  art”  and  offers  a  potential  for  multiple  mission  applications. 
The  design  was  also  oriented  towards  integration  compatibility  with  the  Titan  ID  C-MOL 
vehicle  configuration.  Vehicle  integration  was  effected  by  incorporating  a  cylindrical  adapter 
section,  containing  the  packaged  structure,  between  the  MOL  am!  the  booster. 

In  addition  to  the  design  effort  which  was  conducted,  the  supporting  analysis  portion  of 
the  program  gave  emphasis  to  the  following: 

(1)  Structural  analysis  of  the  design  indicates  that  the  enclosure  car.  ba  varied  in  length 
without  causing  major  changes  in  the  stmeture. 

(2)  Micrometeoroid  studies,  still  being  pursued  on  a  company -funded  Oasis,  may  en¬ 
hance  the  protection  capabilities  of  the  structure  in  addition  to  reducing  the  weight 
by  an  appreciable  amount. 

(3)  Thermal  analysis  indicated  that  the  hangar  hard  structure  can  be  used  as  a  space 
radiator  to  help  control  internal  temperatures. 

(4)  Packaging  -studies  substantiated  packageability  of  the  hangar  design  within  the  con¬ 
figuration  geometry  of  the  launch  vehicle,  with  the  packaged  structure  including  the 
canister  occupying  a  space  of  only  4  feet  in  the  longitudinal  direction. 

The  study  of  specific  mission  applications  for  the  space  maintenance  hangar,  with  their 
attendant  design  and  operational  constraints,  was  bevond  the  scope  of  this  program  effort. 
Studies  for  specific  mission  applications  would  entail  the  investigation  of  areas  such  as  light¬ 
ing,  a  more  sophisticated  thermal  control  system  for  maintaining  a  "shirt-sleeve”  environ¬ 
ment.  associated  operational  equipment  and  fixtures  from  the  confinement,  weight,  and  struc¬ 
tural  loads  aspects,  and  human  factors  limitations  imposed  by  specific  missions.  Specific 
mission  applications  for  the  space  maintenance  hangar  could  include  the  following: 

(1)  Contained  volume  for  conducting  extra-vehicular  activities  experiments. 

(2)  Assembly  facility  for  other  satellite  vehicles  including  assembly  and  checkout. 

(3)  Satellite  intercept,  acquisition,  and  disassembly. 

(4)  Sterilization  of  extra-terrestrial  objects  prior  to  earth  return. 

(5)  Orbital  supply  and  transfer  station  for  mission  extension. 

B.  RECOMMENDATIONS 

Further  detailed  definition  of  the  design  is  recommended.  This  definition  would  be  di¬ 
rected  towards  the  development  of  a  maintenance  hangar  within  accepted  aerospace  technology. 
Specifically,  the  following  efforts  are  r -commended  as  a  logical  extension  of  the  subject 
program. 
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Initiate  studies  of  specific  misskm  applications  with  respect  to  supplemental  hard¬ 
ware  installations,  thermal  control  systems,  structural  loading  possibilities,  and 
human  factors  implications. 

Construct  a  scale  model  large  enough  to  confirm  design  approach  of  the  deployment 
and  clam  shall  door  operation  systems. 

Fabricate  a  full-size  hangar  to  static  test  the  structural  integrity  and  to  demon¬ 
strate  the  operational  aspects  of  the  system. 


SECTION  XI 


PROGRAM  DEVELOPMENT  PLAN 


A,  PREPROTOTYPE  PROGRAM 

The  preprototype  Space  Maintenance  Hangar  Development  Plan  and  Schedule  is  shown  in 
Figure  14.  The  preprototype  is  scheduled  for  completion  in  Id  months.  An  additional  four 
months  Is  added  to  allow  sufficient  time  to  fabricate  a  canister  and  refurbish  the  hangar  after 
testing  in  order  to  use  the  preprototype  unit  for  compatibility  checks.  This  unit  would  be 
available  the  23rd  month. 

Emphasis  will  be  placed  on  completing  the  preprototype  design  by  the  6th  month  so  that 
the  unit,  can  be  fabricated  and  a  series  of  tests  started  to  verify  design  concepts.  The  test 
program  will  check  out  the  ability  of  the  hangar  to  take  5  psi  pressure  for  long  periods  of  time 
with  only  minor  loss  of  pressurization  gas.  Packaging  and  deployment  both  in  ambient  and 
vacuum  environments  will  also  be  important  aspects  of  the  preprototype  test  program. 

B.  PROTOTYPE  PROGRAM 

1.  General 

The  prototype  Space  Maintenance  Hangar  Flight  Hardware  Plan  and  Schedule  is  shown 
in  Figure  15.  The  prototype  effort  is  scheduled  to  start  the  16th  month  and  is  scheduled  for 
completion  the  33rd  month.  The  program  plan  reflects  a  minimum  type  effort  necessary  for 
a  flight  article.  Two  units  will  be  required  for  Qualification  Testing.  Unit  2  will  be  refur¬ 
bished  after  completion  of  the  Qualification  Test  and  used  as  a  standby  unit.  If  this  decision 
is  not  satisfactory,  a  4th  unit  could  be  completed  in  the  same  length  of  time,  since  tooling  will 
be  available  from  Unit  2  to  fabricate  the  4th  unit.  Plans  are  to  schedule  3  months  for  Lie  re¬ 
furbishment  of  Unit  2.  This  time  could  be  spent  on  the  fabrication  of  Unit  4. 

2.  Design 

The  prototype  design  overlaps  the  testing  of  the  preprototype  by  3  months.  Effort  can 
be  started  on  the  detailed  design  of  the  canister  once  the  packaging  tests  are  completed.  De¬ 
tail  design  of  the  hangar  portion  will  be  completed  as  the  design  concepts  are  verified  during 
preprototype  testing.  The  adapter  design  will  be  limited  to  defining  constraints  imposed  on 
the  adapter  by  the  hangar  design. 

3.  Quality  Control  and  Reliability 

A  full-fledged  Reliability  &  Quality  Control  Program  will  be  conducted  during  the  proto¬ 
type  design,  fabrication  and  testing.  Procurement  and  System  Specifications  will  be  written 
during  the  prototype  program. 

4.  Fabrication 

Three  units  are  to  be  fabricated.  Units  1  and  2  will  be  used  for  Qualification  Testing 
and  Unit  2  will  be  refurbished  for  delivery  as  a  standby  unit.  Unit  3  will  be  the  flight  article. 

The  preprototype  tooling  will  be  refurbished  and  used  for  Units  I  and  3.  One  additional 
set  of  tooling  will  be  fabricated  for  Unit  2.  The  fabrication  area  must  be  clean  —  free  from 
dirt,  metal  shavings,  splinters,  etc.  Environment  must  be  controlled.  A  specific  area  will 
be  set  aside  and  improved  for  the  fabrication  of  the  hangar.  Two  sets  of  checkout  equipment 
and  3  sets  of  hardling  equipment  will  also  be  fabricated  for  the  prototype. 
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S.  Testing 


The  test  program  will  be  designed  to  space  qualify  tea  hardware  prior  to  flight  test. 

The  tests  will  Include  standard  component  and  subsystem  (,  laliflcation,  i-*™*  sinmlatioo  and 
environmental  tests,  and  additional  testing  in  deployment  and  pressurising  of  the  hangar  to 
ensure  tee  quality  and  reliability  of  the  completed  product 

8.  Delivery 

The  3rd  unit  will  be  acceptance  tested  and  ready  for  delivery  33- 1,?  months  after  pro¬ 
gram  go-ahead.  The  standby  unit  will  be  available  tor  shipping  tee  middle  of  tee  3Bte  monte 


MONTHS  AFTER  PROGRAM  GO-AHEAD 
6  11  IS  14  SO  36 
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Figure  14.  8pace  Maintenance  Hangar  Preprototype  Development  Plan  and  Relate 
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Figure  IS.  flames  Maintenance  Hangar  Flight  Hardware  Flan  and  Schedule 
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